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BACE‐1:  Beta  Amyloid  Cleaving  Enzyme  1.  Nombre  con  el  que  se  referirá  a  la  enzima 
β‐secretasa o memapsin‐2 a lo largo del documento. 
BuChE: ButyrylCholinEsterase, butirilcolinesterasa. 




ChemPLP:  A  veces  referida  como  PLP,  es  una  posible  función  de  scoring  para  emplear  en 
estudios de acoplamiento. Ver capítulo 3 para una explicación más exhaustiva. 
CPIRpK:  Calculate  Protein  Ionization  and  Residue  pKa.  Función  de  cálculo  disponible  en  el 













Flap:  Empleado  en  relación  a  BACE‐1,  éste  término  se  refiere  a  la  horquilla  β  flexible 
compuesta por los residuos Val69 a Lys75 de la cadena del dominio catalítico, cercana al sitio 
activo. 
 FRET:  Fluorescence/Förster  Resonance  Energy  Transfer,  o  Transmisión  de  Energía  de 
Resonancia.  Mecanismo  de  transferencia  de  energía  de  cromóforos  empleado  como 
herramienta de medición de afinidades.  
Función de Evaluación/Función de Scoring: A veces referida como técnica de Scoring o técnica 
de  evaluación,  se  refiere  al  conjunto  de  sistemas  que  definen  y  ajustan  los  pesos  de  los 
distintos tipos de interacción inhibidor/proteína en cálculos de acoplamiento para determinar 
los resultados de éstos.  
GBSW:  Generalized  Born  with  a  Simple  Switching.  Modelo  de  simulación  de  solvatación 
implícita empleado en diversos métodos computacionales de  la tesis para simular  los efectos 
del entorno en las proteinas estudiadas. 
GoldScore: A   veces  referida  como Gold,  es una posible  función de  scoring para  emplear  en 
estudios de acoplamiento. Ver capítulo 4 para una explicación más exhaustiva. 
Hit:  En  simulaciones  de  acoplamiento,  término  empleado  para  referirse  a  una  posición  de 





Holo:  En  el  contexto  de  estructuras  de  proteínas,  aquella  que  se  encuentra  enlazada  a  un 
inhibidor. 
IC50: Valor de concentración al que el  ligando consigue  inhibir  la actividad de  la enzima en un 
50%, para análisis in vitro. 
KD:  Constante  de  disociación.  Un  tipo  específico  de  constante  de  equilibrio  que  mide  la 
tendencia de un complejo a separarse en su proteína y ligando componentes. 
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Thesis	Abstract.	
Alzheimer  disease  (AD),  the main  cause  of  dementia  in  the  elderly,  is  a  neurodegenerative 
pathology  characterized  by  the  progressive  formation  of  insoluble  amyloid  plaques  and 
fibrillary  tangles.  In  spite  of  the  enormous  research  efforts  by  academic  institutions  and 
pharmaceutical  industry, AD  is an  illness with unmet needs since  the only drugs available  in 
clinic (i.e., AChE inhibitors) have a palliative effect and do not modify the course of the disease. 
The most accepted hypothesis for the origin of AD  is the one related to the amyloid cascade 
paradigm, which  singles  out  the  aggregates  and  fibrils  of  the  β‐amyloid  peptide  (Aβ‐42),  a 
peptide of 42 residues, as AD’s causal agent. The Aβ peptides originate by the hydrolysis of the 
amyloid  precursor  protein  (APP)  by  two  aspartic  proteases  (γ‐secretase  and  BACE‐1,  also 
known as β‐secretase). The last decade has witnessed an all out effort to discover inhibitors of 
these  two  enzymes  that  could  become  drug  leads  for  the  treatment  of  AD,  but  all  the 





The multiplicity of  amyloid  cascade AD  targets  (described  above) opens  the door  to  a new 
approach based on single molecule polypharmacology, which entails the search of a molecule 




In  this  thesis, we will describe  a  series of  studies  carried on with  the ultimate objective of 




carrying out  these  studies  involved SPR experiments  for determining  the  inhibitor affinity at 
several pH values, which were then explained by a the use of molecular calculations aimed at 
elucidating the underlying causes of the pH effect on affinity. In the case of BACE‐1, we chose a 
set  of  different  BACE‐1‐inhibitor  complexes  with  known  structures  whose  affinities  where 
studied at pH 4.5 (the optimal pH for the enzyme) and at pH 7.4 (close to the pH at which the 
crystal structures were obtained). In a first stage we calculated the pKa values of all titratable 
residues of  the protein by an approximate  solution of  the Poisson‐Boltzmann equation. The 
results we obtained enabled us to determine the protonation states of these aminoacids at the 
above  mentioned  pH  values.  Perusal  of  the  predicted  aspartic  dyad  protonation  states 
underscores  the  pKa  dependence  on  the  inhibitor's  chemical  nature,  an  outcome  that  is  at 




search of  fragments or BACE‐1 putative  ligands with one single protonation  state across  the 
board, as done previously by several research groups. More  likely, the  ligands would have to 
be classified  in accordance with the protonation state they can elicit from the Asp dyad, and 
then  the  HTS  screening  could  proceed  with  several  enzyme  targets  differing  in  their 
protonation states.  
A similar protocol was applied pH dependence of  the  inhibitor affinity  to HIV‐1 PR. For both 
enzymes studied, the calculation of the charge states of the titratable residues allowed us to 




The  short  hydrogen  bond  distances  between  the  inhibitor’s  OH  group  and  one  of  the 
carboxylate  oxygens  has  lead  us  to  postulate  the  presence  of  low  barrier  hydrogen  bond 
(LBHB)  between  these  two  atoms,  and  found  that  their  presence  are  of  the  essence  in 
rationalizing the calculated pKa values for the Asp dyad when bound to some inhibitors and the 
binding affinities of these ligands. 
The second objective of  this  thesis was  the development of a docking protocol  for  fragment 
like  ligands  to  BACE‐1.  Some  of  the  successful  approaches  for  BACE‐1  targeted  lead  drug 
design have as a starting point the HTS of fragments. The studies described above have found 
a major  role  for  the  active  site  protonation  state  of  this  protein  on  the  inhibitor  binding 
ranking, we designed a docking algorithm  that  takes  into account  this  feature explicitly and 
have applied  it to set of 23  ligands with a variety of chemical structure motifs that span four 
orders of magnitude in their binding affinities.  
Two  of  our  main  specific  objectives  were  to  find  out  the  conditions  under  which  the 
crystallographic  poses  could  be  reproduced,  and  to  verify  if  these  conditions  allow  for  an 
accurate  ligand  ranking  at  the  optimal  pH  of  the  enzyme.  These  studies  enabled  us  to 
determine the effect of the ligand's protonation state and the enzyme's ionisable residues on 
the results. We found out that the biggest influence on the hit rate success is produced by the 
assignment  of  a  charge  state  to  the  inhibitor  and  the  choice  of  pH  value.  The  enrichment 
provided by assigning a positive charge to the inhibitor probably is the result of a polar micro‐
environment created  in part by the Asp dyad, which enables the  ligand  ionisable fragment to 
keep  or  increase  its  pKa  value  predicted  in  solution.  In  one  case we  have  shown  that  our 
calculations have enabled us to predict an approximate pKa value for the ionisable fragment of 
the  inhibitor, and  in some other cases our protocol has allowed us to  identify the most  likely 
protonated N  atom  in  charged  inhibitors. The highest  success  rate  for  finding  the observed 
pose was obtained  at neutral pH.  This outcome  stands  to  reason  since  the  crystallographic 
data for BACE‐1—inhibitor complexes is obtained at a pH ~ 7.  Preliminary results indicate that 
at the enzyme’s optimal pH range (at which all binding assays are carried out) our protocol is 
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We  found  out  that  the  docking  performance  results  have  a  strong  dependence  on  the 
evaluation function used in the re‐scoring stage. Some of the best results are obtained using a 
molecular mechanics  interaction  energy  scoring  function within  a  CHARMM  force‐field  that 
includes an implicit solvation term. We believe that the use of these kind of functions in pose 
generation  may  improve  the  binding  ranking  prediction  in  docking  simulations,  a  very 
important and unmet aim in this area of research. 
The  final  and most  ambitious  objective  of  this  thesis was  to  design  candidates  that  could 
inhibit some or many of the targets of the amyloid cascade that are supposed to trigger AD. To 
achieve  this  goal,  we  have  devised  a  computer  assisted  protocol  that  relies  on  a 
pharmacophore whose scaffold was built on knowledge obtained  in our  lab and others. The 
search  for  compounds with  the proposed  scaffold  led us  to  several  families of  compounds, 
including a group of carbazol containing compounds with substituted aniline  fragments. This 
type of compounds have been previously identified as neuro‐protecting and neuro‐generating 
compounds  in mice. Our work with  these  had  a  twofold  aim. On  one  hand, we wanted  to 
investigate  if  these  compounds  owed  their  biologic  activity  to  their  binding  to  some  the 
amyloid cascade targets, and on the other hand, we searched for analogues with an increased 
affinity  for  the  largest  possible  set  of  amyloid  cascade  targets.  The  second  stage  of  our 
computer‐assisted  protocol,  which  includes  docking  studies  for  the  enzymatic  targets  and 
molecular dynamic simulations for the study an amyloid peptide fragment's evolution in time 
in  the presence of our candidates, allowed us  to  fulfill  these goals. The main novelty of  the 
docking  protocol  is  that  the  hit  poses  should  comply  with  the  set  of  inhibitor‐protein 
interactions assigned to our pharmacophore.  
Our predictions  suggested  that  some of  the  starting  compounds  only presented  affinity  for 
AChE and  the Aβ  inhibition aggregation, a  result  that was verified by FRET and ThT binding 
inhibition assays. In order to improve the binding across all amyloid targets and especially for 
BACE‐1, we  proceeded  to modify  these  compounds with  the  information  afforded  by  two 
computer aided design cycles. Some of  the most promising analogues were synthesized and 
assayed. The results indicate that some of our third generation compounds bind to all amyloid 
cascade  targets  (BACE‐1,  AChE,  and  amyloid  aggregation)  leading  to  truly  multi‐target 
compounds.  This outcome may usher  the  systematic  search  for  single molecule multitarget 























un 65% de  los casos. Una estimación aproximada  indica que  las probabilidades de padecer  la 
EA  se duplican  con  cada  5  años de  edad  a partir de  los  60. Como muestra  la  Figura  1.1,  a 
medida  que  la  media  de  la  población  mundial  envejece,  se  espera  que  el  porcentaje  de 





Figura 1.1.- Proyección del incremento de casos de demencia senil en países desarrollados (azul) y en 





MCI),  con  pérdidas  leves  de memoria.  A medida  que  la  enfermedad  avanza  y  el  deterioro 
cerebral empeora, la capacidad cognitiva del individuo se ve progresivamente más dañada, con 













para  frenar  el  avance de  la  enfermedad. Actualmente, no  se  conocen  fármacos  capaces de 










corteza  cerebral”  ("Über  eine  eigenartige  erkrankug  der  hirnrinde").  En  dicha  presentación 
discutió el caso clínico de Auguste D., muerta a los 54 años, cuya combinación de síntomas no 
pudo  asociar  a  ninguna  enfermedad  conocida  en  aquel  entonces.  La  autopsia  reveló  un 
cerebro  atrofiado,  además  de  alteraciones mayores  en  los  vasos  cerebrales.  La  tinción  con 
plata  mediante  el  método  Bielschwsky  reveló  la  presencia  de  fibrillas  teñidas  de  manera 
diferente  a  la  de  las  neurofibrillas  estándar,  que  mostraban  una  alta  coincidencia  con  el 
depósito de un producto metabólico patológico en las células gangliales. 
A través de toda  la corteza cerebral, y especialmente en las capas superiores, se encontraron 
lesiones  de  tamaño  de  semillas  pequeñas,  caracterizadas  por  el  depósito  de  una  sustancia 
peculiar. Concluyó sus observaciones indicando que “En conjunto, es obvio que este desorden 
que, a  lo  largo de cinco años y medio, ha causado demencia en un adulto de mediana edad, 
representa  una  entidad  clínico‐patológica  completamente  nueva”.  Así  describió  Alois 
Alzheimer  la enfermedad que ahora  lleva  su nombre,  referida  como  tal por primera  vez en 
1910  en  la octava  edición del  “Manual de  Psiquiatría para  Estudiantes  y Doctores” de  Emil 
Kraepelin.3 
La  investigación de  la enfermedad empezó a despegar durante  la segunda mitad del siglo XX, 
gracias  a  la  aparición  de  la microscopía  electrónica  y  de  nuevos métodos  cuantitativos  de 
investigación  histoquímicos,  histológicos  y  bioquímicos.4  La  macroestructura  de  los  ovillos 
neurofibrilares  (“Neurofibrilary  Tangles”,  NFT)  fue  descrita  en  1963  por  Kidd  en  el  Reino 
Unido5 y por Terry en Estados Unidos.6 Al año siguiente, se identificó el núcleo amiloide de las 
placas  neuríticas.7  Estos  primeros  estudios  supraestructurales  permitieron  caracterizar  con 
mayor  detalle  las  proteínas  fibrosas  anormales  y  ganar  una  mejor  comprensión  de  la 
neurobiología  molecular  de  los  mayores  marcadores  patológicos  de  la  EA.  Una  serie  de 
investigaciones  en  el  grupo  de  Sir M.  Roth,  en  Newcastle,  abordaron  el  reto  de  distinguir 
cambios  entre  los  cambios patológicos  en  el  cerebro debidos  a  la  EA  y  aquellos debidos  al 























membrana  de  una  familia  de  proteínas  conservadas  genéticamente  a  través  de  diversas 
especies, cuya  función biológica exacta no ha conseguido esclarecerse  todavía.11 Se  trata de 
una proteína que ha despertado gran atención en el campo de estudio de  la enfermedad de 
















 Esquema 1.1.- Ruta patológica de la EA. 
 
La hipótesis del origen amiloide de la EA, elaborada por Selkoe en 199112 y por Hardy y Higgins 
en 1992,13 propone que  la etapa  crucial de  la enfermedad es  la  agregación de  los péptidos 
amiloides en especies oligoméricas y finalmente en fibrillas, también referidas como placas.  La 
hipótesis actual14  indica que  las placas amiloides actúan como  repositorio de oligómeros del 
péptido  β‐amiloide de 42  residuos  (Aβ‐42),  la especie que  se  considera más nociva para  las 
conexiones sinápticas entre neuronas. La Figura 1.2 describe el origen del efecto tóxico de los 
agregados amiloides en  las neuronas. Como  se puede ver en esta  figura,  los oligómeros del 
péptido Aβ tienden a interrumpir las conexiones sinápticas, mientras que las fibrillas tienden a 
evitar  la  orientación  correcta  de  las  neuronas.  Estos  procesos  causan  la muerte  neuronal 
desencadenante de toda  la sintomatología asociada a  la EA. Esto ha podido probarse para el 

































Figura 1.2.- Efectos patogénicos de los agregados Aβ y las fibrillas (o placas) amiloides (Imagen extraída 
de ref. 15). 
 
1.3.2.‐ La hipótesis Tau. 
La  proteína  Tau  es  una  fosfoproteína  promotora  de  la  formación  y  estabilización  de  los 
microtúbulos, una parte del citoesqueleto neuronal que permite el  transporte de vesículas y 
orgánulos  (Figura 1.3), en  la  cual el grado de  fosforilación  cumple un papel  regulador de  la 
actividad  de  dicha  proteína.16  Cuando  la  proteína  Tau  se  encuentra  anormalmente 
hiperfosforilada pierde  su efectividad y  resulta en  la  formación de  los ovillos neurofibrilares 
(Neurofibrilar  tangles,  NFT)  detectados  en  el  cerebro  de  los  pacientes  con  EA.16  Se  ha 





tejido  cerebral  aquejado  de  la  enfermedad  de  Alzheimer.  Como  muestra  dicha  figura,  la 
hiperfosforilación  de  Tau  lleva  a  su  vez  a  la  formación  de  oligómeros,  que  se  agregan  en 
fibrillas  Tau,  los  núcleos  de  los  ovillos  neurofibrilares. No  existe  un  residuo  específico  cuya 








Figura 1.3.- Imagen superior  Una neurona no afectada por la formación de ovillos neurofibrilares. Imagen 
inferior Una neurona afectada por la formación de ovillos neurofibrilares (Imagen extraída de ref. 17). 
Como  muestra  el  Esquema  1.1,  actualmente  se  considera  que  la  acumulación  de  Tau 
hiperfosforilada forma una etapa posterior en la cascada degenerativa β‐amiloide, donde una 
primera  interrupción  sináptica  debido  al  desequilibrio  entre  generación  y  eliminación  de 
β‐amiloide produce a su vez un exceso de fosforilación de proteínas Tau. La hiperfosforilación 
















reducción  de  los  niveles  de  acetilcolina  (ACh)  en  las  regiones  del  cerebro  encargadas  del 
aprendizaje,  memoria,  comportamiento  y  respuesta  emocional,  debido  a  la  pérdida  de 
neuronas  colinérgicas  basales  de  la  parte  anterior  del  cerebro.19  La  observación  de  efectos 
adversos  de  los  fármacos  anticolinérgicos  así  como  el  bajo  nivel  de  ACh  observado  en  el 
análisis post‐mortem de cerebros de pacientes de EA, sugieren que un aumento   del nivel de 
acetilcolina podría paliar  los efectos nocivos para  las  funciones  cognitivas que derivan de  la 
enfermedad. Estas ideas han dado lugar al tratamiento colinérgico basado en el incremento de 
los niveles sinápticos de acetilcolina mediante la inhibición de la enzima Acetilcolinesterasa, la 
principal  enzima  responsable  de  la  hidrólisis  de  acetilcolina.  Se  han  empleado  inhibidores 
como  la  galantamina,  donepezilo,  rivastigmina  o  tacrina,  ilustrados  en  la  Figura  1.5,  en  el 
tratamiento clínico paliativo, el único que se conoce por el momento para la EA. 20 
 
Figura 1.5.- Estructuras de fármacos para el tratamiento paliativo de la enfermedad de Alzheimer. 
 
1.4.2.‐ Otras terapias: Fármacos en pruebas clínicas. Prevención. 
Ha  habido  un  esfuerzo  ingente,  por  parte  tanto  de  instituciones  académicas  como  de  la 
industria  farmacéutica,  destinado  a  encontrar  terapias  curativas  para  la  EA.  Una  cantidad 
importante de los candidatos a fármacos no han sobrepasado la fase 1 de los estudios clínicos, 
debido  a  su  toxicidad, mientras  otros  no  han  sobrepasado  la  fase  3,  debido  a  su  falta  de 
efectividad.20,21   Un  resumen  de  los múltiples  estudios  llevados  a  cabo  se  puede  ver  en  la 
Figura  1.6,  donde  se  aprecia  como  los  fármacos  incluidos  en  la  Figura  1.5  han  sido 
comercializados como tratamiento. Uno de los factores que más puede influenciar los fallos en 
las etapas  tardías es que  los síntomas externos se manifiestan cuando  los daños en  la masa 
encefálica se encuentran ya muy avanzados. Una posible manera de evitar este problema es 
llevar  a  cabo  los  ensayos  de  candidatos  a  fármacos  de  la  EA  en  aquellos  pacientes  con 
predisposición genética a manifestar  la enfermedad antes de que aparezcan  los  síntomas.  21 
Además, durante  los últimos años ha habido avances muy significativos en el descubrimiento 
de biomarcadores que permitan el diagnóstico precoz de  la EA, antes de  la aparición de  los 








A  la hora de diseñar fármacos contra  la EA,  las estrategias farmacológicas dependerán de  los 
distintos objetivos perseguidos. Así,  según  las hipótesis expuestas,  la  investigación  se puede 
centrar en la terapia β‐amiloide, mediante la inhibición de síntesis de péptidos β‐amiloides, la 
prevención  de  formación  de  agregados  y/o  el  incremento de  la  eliminación  de  péptidos  β‐
amiloides  del  entorno;  o  bien  en  la  terapia  Tau,  donde  los  objetivos  se  centraran  en  la 
inhibición  de  la  hiperfosforilación  de  Tau  o  la  prevención  de  formación  de  ovillos 
neurofibrilares.  Sea  cual  sea  la  estrategia,  el  objetivo  principal  en  el  desarrollo  de  terapias 
preventivas20 se centra en evitar la formación de agregados proteicos. 
 
Figura 1.6.- Esquema con diversos fármacos y la etapa clínica en la que se encontraban en 2010. Un 
asterisco marca estudios descontinuados; una cruz marca medicamentos comercializados (Figura 




La disfunción mitocondrial ocurre en  las  fases  tempranas de  la EA, y puede promover daños 
sinápticos y apoptosis, por lo que se cree que tiene un papel causal en la neurodegeneración. 
Tanto  APP  como  Aβ  pueden  entrar  en  la  mitocondria,  impedir  la  producción  de  ATP,  e 
incrementar daños oxidativos.20 
Por otra parte, la neurogénesis, o crecimiento de nuevas neuronas, puede ocurrir en el cerebro 
adulto  en  respuesta  a  daños.  La  supervivencia  y  formación  de  fibras  de  las  neuronas 
colinérgicas  basales  en  la  parte  frontal  del  cerebro  (donde  actúa  la  terapia  paliativa 





diversas rutas para  la estimulación de  la neurogénesis, ya sea mediante  inyección dirigida de 
NGF  a  la  zona  basal  frontal  del  cerebro, mediante  biodistribución  de  NGF  encapsulada  en 
celdas,  o mediante  distribución  intranasal  o  en  la  superficie  ocular  de NGF,  con  objeto  de 





regulación  de  la  fosfodiesterasa  9A  o  regulación  del  receptor  de  productos  finales  de  la 






papel en  la hidrólisis de APP. Muchos  investigadores  se han  centrado en  la  inhibición de  la 
agregación  de  estos  péptidos  amiloides  resultantes  de  dicha  hidrólisis.  También  hay  otras 







La  β‐secretasa,  también  llamada  memapsin‐2  o  BACE‐1,  es  una  proteína  de  tipo 
aspartilproteasa  anclada  en  la  membrana  celular,  que  cataliza  la  etapa  limitante  de  la 
velocidad en  la formación de péptidos β‐amiloides. Esta primera etapa de hidrólisis de la APP 





Se han  realizado numerosos estudios estructurales de Rayos X del  complejo  formado por el 
dominio catalítico de esta enzima, compuesto de 385 aminoácidos, con una gran variedad de 









BACE‐1  fue obtenida en el  laboratorio de  J.Tang, en el año 2000.25  La Figura 1.8 muestra  la 
estructura del  inhibidor de este  complejo, OM99‐2, y  ‐ en magenta  ‐  su posición en el  sitio 
activo de esta enzima en el complejo (PDB id. 1FKN). 
 
Figura 1.7. Posibles rutas de hidrólisis de la APP (Imagen extraída de ref. 26). 
 
El análisis de las estructuras como la de la Figura 1.8 indica que, a diferencia de muchas otras 
aspartilproteasas,  el  sitio  activo  de  BACE‐1  presenta  un  elevado  grado  de  exposición  al 






del proceso  catalítico  y  eran  altamente peptídicos,23  como  es  el  caso del  inhibidor OM99‐2 
presentado en la Figura 1.8. Investigaciones posteriores demostraron la existencia de ligandos 
que se unen al flap y  lo mantienen abierto, evitando así  la acomodación del sustrato y por  lo 
tanto  inhibiendo  el  proceso  catalítico.  Esta  figura muestra  dos  posibles  posiciones  del  flap, 
influenciadas por la presencia de dos tipos distintos de inhibidor. También se puede observar 













Figura 1.8.- Superimposición de las estructuras de BACE-1 unida a un inhibidor peptídico (OM99-2, PDB 
id. 1FKN, flap e inhibidor en magenta) y a un inhibidor no peptídico (PDB id. 2B8L, flap e inhibidor en 




entre sí, que  forman  la  llamada díada catalítica. La estructura de  la enzima  libre de  ligandos 
muestra una molécula de agua unida por enlaces de hidrógeno a  la díada aspártica, que está 
también  íntimamente  involucrada  en  la  catálisis  hidrolítica.28  El  Esquema  1.2  muestra  el 
mecanismo catalítico que emplea BACE‐1 según una de las  hipótesis más aceptadas e ilustra el 
papel de estos residuos ácidos y la molécula de agua en dicho proceso. Estos dos residuos son 
también el punto de  interacción más obvio  a  la hora de establecer enlaces de hidrógeno  y 








Esquema 1.2.- Representación esquemática simplificada del ciclo catalítico de BACE-1. 
BACE‐1 es una proteína de  transmembrana, generalmente  localizada en  la  superficie  celular 
donde el pH del entorno es neutro. Para  llevar a cabo su actividad catalítica,  la proteína y su 




 Figura 1.9.- Ilustración esquemática del movimiento de BACE-1 de la superficie a los endosomas 
(Imagen extraída de ref. 29). 
Como hemos mencionado  anteriormente,  las primeras  generaciones de  inhibidores eran de 
origen peptidomimético, de 8 a 12 residuos de  largo,23 con  isósteros de  o ‐aminoácidos, 
que  incluyen un grupo hidroxilo  y/o amino  como puntos de anclaje a  la díada aspártica.  La 
Figura  1.10 muestra  una  colección  de  algunos  de  los  isósteros  empleados  en  el  diseño  de 
inhibidores. En general, se puede encontrar bastante diversidad  funcional en  los modelos de 
unión con la díada catalítica de BACE‐1.30,31 
Sin  embargo,  el  elevado  peso  molecular  de  los  inhibidores  peptídicos  supone  un  grave 













Figura 1.10.- Algunos ejemplos de isósteros de inhibidores peptídicos de BACE-1. 
Los estudios sobre moléculas pequeñas (de un peso molecular no superior a  los 250 Da) han 
sido de particular relevancia en la búsqueda de candidatos a inhibidor de BACE‐1 no peptídicos 
de  segunda  generación.32  Este  tipo  de  compuestos  presentan  ciertas  ventajas  sobre  otros 
compuestos  de mayor  tamaño, más  similares  a  fármacos:  las  colecciones  de  compuestos  a 
estudiar  son más  reducidas,  debido  a  la  simplicidad  estructural  de  los  componentes.  Esta 
simplicidad  disminuye  el  número  de  variables  estructurales,  lo  que  reduce  el  total  de 
candidatos; esto supone un incremento en la eficiencia de los estudios. Su naturaleza modular 
también  permite  examinar  nuevas  variantes  de  grupos  de  anclaje  con  la  diada.  Además,  a 
pesar  de  presentar  resultados  bajos  de  inhibición,  la  reducida  masa  molecular  de  los 






Como  se ha  indicado durante  la explicación de  la hipótesis amiloide, actualmente  se acepta 
que  los  agregados  oligoméricos  de  péptidos  Aβ‐42  son  la  especie  más  nociva  para  las 


















Figura 1.11.- Acoplamiento de péptidos Aβ-42 (PDB id. 1Z0Q) en fibrillas (PDB id. 2BEG). 
Uno de los principales desafíos a la hora de diseñar fármacos capaces de impedir la formación 
de  agregados  β‐amiloides, proviene de  la naturaleza del objetivo. No  se  trata de buscar un 
fármaco  capaz  de  interactuar  con  un  sitio  activo  definido  de  una  proteína,  para  inhibir  un 
proceso catalítico, sino que la asociación podría producirse con varios segmentos de la cadena 
peptídica esenciales para  la  formación de agregados amiloides. Aún así, en  la bibliografía  se 



















Figura 1.12.- Ejemplos de inhibidores de la agregación de Aβ-42. 
A diferencia de lo que sucede con BACE‐1, las escasas estructuras cristalográficas disponibles37 
del  complejo  del  agregado  amiloide  con  un  ligando  acoplado  no  permiten  extrapolar  una 
relación estructura‐actividad para el desarrollo de nuevas generaciones de  inhibidores. Entre 
las herramientas que han permitido visualizar en detalle las posibles interacciones del ligando 
con  los  agregados  se  encuentran  las  simulaciones  de  dinámica  molecular  (DM)  de  larga 
duración.  La  Figura 1.13 muestra algunas  instantáneas de  las  trayectorias de DM  llevadas a 
cabo  en  el  grupo  de  A.  Caflisch38  para  ligandos    como  la  9,10‐antraquinona  unidos  a  tres 
cadenas  compuestas por  los  residuos 14‐20 del péptido Aβ‐42.   Como puede observarse,  la 









Figura 1.13.- Representación de las coordenadas de la trayectoria de DM de inhibición de la agregación 
de un trímero de Aβ-42 (residuos 14 a 20) por parte de la 9,10-antraquinona (ilustrada en la derecha) 
(Imagen extraída de ref. 38). 
Este  tipo  de  herramientas  computacionales  desempeñan  un  papel  fundamental  en  la 
búsqueda de cabezas de serie para  la  inhibición de  la agregación de Aβ‐42, similar al que  las 





hidrolasas de  serina,  responsable de  la  terminación de  transmisiones  sinápticas mediante  la 
hidrólisis  del  neurotransmisor  acetilcolina  (ACh).  La  primera  estructura  cristalográfica  de  la 
acetilcolinesterasa  se  obtuvo  en  1993,  perteneciente  a  la  especie  Torpedo  californica.39  El 
elevado grado de homología entre esta proteína y  la variante humana permiten  realizar  los 




His440  y  Glu327  lleva  a  cabo  la  hidrólisis  de  ACh.  Además,  se  observa  un  sitio  aniónico 
catalítico  (Catalytic  Anionic  Subsite,  CAS)  cercano  a  la  localización  del  sitio  esteárico, 









Como puede observarse en  la Figura 1.14,  se puede acceder al  sitio activo donde  se  lleva a 
cabo  el  proceso  catalítico  mediante  un  canal  de  aproximadamente  15  Å  de  largo,  cuyas 
paredes están  cubiertas por hasta 14  residuos aromáticos. En  la entrada de este  canal, que 
comunica  el  sitio  activo  con  el  entorno,  se  encuentra  el  sito  aniónico periférico  (Peripheral 
Anionic Site, PAS), que también presenta diversos residuos arómaticos (Tyr70 y Trp279, entre 
otros). La elevada densidad de grupos aromáticos presente  tanto en el canal como en estos 
sitios  se  ha  aprovechado  con  éxito  en  el  diseño  de  inhibidores  de  AChE.  Tanto  en  el  sitio 
catalítico como en el periférico se pueden encontrar residuos aromáticos que pueden adoptar 
una  disposición  paralela  entre  sí,  permitiendo  que  se  establezcan  interacciones  de 
apilamiento‐π con inhibidores que posean grupos aromáticos. 
 
Figura 1.14. Ilustración esquemática del sitio activo activo de AChE y acceso desde el sitio periférico 
(Imagen extraída de ref. 41). 
Además, se ha demostrado que el PAS de AChE, en  la entrada del canal que conduce al sitio 






sitio  activo  de  AChE  permite  una  nueva  aproximación  a  la  inhibición  de  esta  enzima. 
Específicamente, se trata de buscar  ligandos formados por dos fragmentos capaces de unirse 




















Figura 1.15.- Representación del modo de unión de un derivado de la bis-tacrina con el CAS y el PAS de 
TcAChE. Complejo depositado con el código 1ODC en el PDB. 
 
1.5.4.‐ Enzima butirilcolinesterasa. 
La  butirilcolinesterasa  (BuChE)  es  una  colinesterasa  cuya  efectividad  en  la  catálisis  de  la 
hidrólisis de acetilcolina es  inferior a  la de AChE. La comparación de  las secuencias de ambas 
proteínas  indica un elevado nivel de homología,  lo que  se  traduce en una elevada  similitud 
entre  las  estructuras  secundaria  y  terciaria  de  ambas  proteínas,  como  se  puede  ver  en  la 
superposición de ambas en  la Figura 1.16.45 Sin embargo, el sitio aniónico periférico (PAS) de 
BuChE  difiere  de  su  homólogo  en  AChE.  Como  puede  verse  en  esta  figura,  los  residuos 
aromáticos  Tyr  70  y  Trp  279  presentes  en  AChE,  necesarios  para  el  apilamiento  π  con  el 
ligando, han  sido sustituidos por  los  residuos alifáticos Asn68 y Ala277,  respectivamente, en 
BuChE. Como consecuencia de estas diferencias en el PAS de las dos enzimas, se puede inferir 









Existen  indicios que  indican que  la  inhibición de BuChE podría aumentar  la efectividad de  la 
terapia  colinérgica.46  Se  ha  observado  que  la  inhibición  de  AChE  es  compensada  por    un 
incremento  de  la  expresión  de  BuChE,  lo  que  en  cierta medida  reduce  la  efectividad  del 
tratamiento coligérnico centrado en AChE.  
 
Figura 1.16.- Izquierda: Superimposición de la estructura apo de BuChE humana (PDB id. 1P0M, 
amarillo) y de la estructura de TcAChE (PDB id. 1ODC, verde, se omite el ligando). Derecha: Ampliación 
del sitio aniónico periférico (PAS).  
 
1.5.5.‐ Otras dianas en la cascada amiloide: α‐secretasa y γ‐secretasa. 
Además  de  las  dianas  terapéuticas  anteriormente  indicadas,  existen  otras  dianas  como  la 
α‐secretasa o  la  γ‐secretasa, que no describiremos en detalle dado que no  forman parte de 
nuestros estudios. 
La α‐secretasa es una proteasa que compite con BACE‐1 en el primer paso de la hidrólisis de la 
proteína APP. El punto de  corte de  la  α‐secretasa  se encuentra dentro de  la  secuencia que 
pasa a formar el péptido β‐amiloide, con lo que la actuación de la α‐secretasa previene que la 

















la  estructura  de  la  presenilina  proveniente  del    organismo Methanoculleus marisgrini.49  La 
Figura 1.17 muestra las estructuras secundaria y terciaria de esta proteína, así como un primer 
plano de la díada aspártica, donde se observa que los residuos que la componen se encuentran 
a  una  distancia  de  aproximadamente  6.1  Å,  superior  a  la  habitual  distancia  de  enlace  de 
hidrógeno que presentan otras aspartilproteasas globulares como la pepsina. 
 
Figura 1.17.- Izquierda: Estructura del hómologo la presenilina-1 (PSH) estudiado por Li, Dang, y co. 
Derecha: comparación del sitio activo de PSH con una proteasa modelo (la pepsina) (Imágenes extraídas 
de ref. 49). 
Como  se  ha  dicho  anteriormente,  la  γ‐secretasa  es  la  primera  enzima  del  tándem  de  dos 
aspartilproteasas  que  participa  en  la  última  etapa  de  hidrólisis  de  la  APP  que  genera  los 
péptidos amiloides (Figura 1.7, Página 12). Otro de los sustratos importantes cuya reacción de 
hidrólisis  es  catalizada  por  la  γ‐secretasa  es  Notch:50  la  interferencia  en  los  receptores  de 
Notch  podría  causar  diversos  efectos  nocivos  en  el  organismo.  Una  ruta  de  aproximación 
posible  para  el  tratamiento  de  la  enfermedad  de  Alzheimer  sería  inhibir  la  capacidad  de 
generación de fragmentos β‐amiloides por parte de la γ‐secretasa sin interferir en los procesos 

























a  este método  reduccionista,  uno  de  los  nuevos  planteamientos  es  el  de  la  búsqueda  de 
inhibidores multidiana.52 Esto es, en  lugar del desarrollo de un  fármaco altamente específico 
dirigido  a  una  única  diana  terapéutica,  se  buscaría  un  fármaco  capaz  de  interaccionar  de 
manera efectiva con varias de las posibles dianas farmacológicas de la enfermedad. Además, el 
diseño  de  un  único  fármaco multidiana  ayudaría  a  evitar  los  efectos  tóxicos  que  se  suelen 
observar en los tratamientos que emplean múltiples fármacos. 
Como  hemos  visto  en  los  apartados  anteriores,  se  han  identificado  varias  posibles  dianas 
terapéuticas  en  el  tratamiento  de  la  enfermedad  de  Alzheimer,  basándonos  en  la  cascada 




estos desafíos,  tiene un  reto de diseño adicional: es necesario que el  fármaco  interactúe de 
manera efectiva con todas  las dianas evitando que esta promiscuidad del fármaco resulte en 
interferencias no deseadas  con objetivos no  terapéuticos.  Las elevadas diferencias entre  los 
sitios de unión de las tres dianas elegidas supone una complicación añadida en el diseño de un 
fármaco efectivo capaz de  interaccionar  simultáneamente  con dichas dianas: BACE‐1 es una 
aspartil  proteasa  cuyo  sitio  activo  se  encuentra  expuesto  al  disolvente,  AChE  es  una 

























búsqueda de  fármacos para el  tratamiento de  la enfermedad de Alzheimer  (EA). Para  lograr 
este  objetivo,  hemos  establecido  como  diana  farmacológica  prioritaria BACE‐1,  una  aspartil 
proteasa anclada en la superficie de la membrana celular que debe desplazarse hasta la región 
endosomal  en  el  interior  de  la  célula  para  llevar  a  cabo  su  actividad  catalítica  a  pH  ácido. 
BACE‐1  es  una  diana muy  importante  ya  que  cataliza  la  etapa  clave  de  la  hidrólisis  de  la 




1º)  Entender  el  efecto  que  ejerce  la  naturaleza  química  del  inhibidor  en  el  estado  de 
protonación de  los  residuos  ionizables del  sitio  activo  en  las  aspartil proteasas  a diferentes 
valores de pH,  tomando  como ejemplo dos aspartil proteasas de especial  relevancia a nivel 
terapéutico: HIV‐1 PR y BACE‐1. 
Este estudio será especialmente importante para el diseño de inhibidores de BACE‐1, ya que se 
sabe  que  los  inhibidores  deben  unirse  a  la  enzima  en  la  superficie  celular,  donde  el  pH  es 
neutro,  para  ser  cotransportados  con  la  enzima  al  compartimento  donde  ésta  ejerce  su 
actividad catalítica. 
2º)  La  estrategia más prometedora para  la búsqueda de  inhibidores de BACE‐1  tiene  como 
punto  de  partida  el  empleo  de  fragmentos.  Por  ello,  se  pretende  preparar  y  optimizar  un 
protocolo para el acoplamiento de fragmentos en BACE‐1 que tenga en cuenta la variabilidad 
de los estados de protonación del ligando y de los residuos ionizables de la enzima, en función 
del  pH.  Para  evaluar  los  resultados  de  protocolo  propuesto  utilizaremos  estructuras 
cristalográficas publicadas de  complejos de BACE‐1  con  ligandos, así  como  las afinidades de 
estos ligandos, obtenidas al pH de actividad óptima de la enzima. 
3º) El tercer objetivo, y objetivo principal de esta tesis, se centra en el diseño de compuestos 
cabeza  de  serie  para  BACE‐1  y  otras  dianas  farmacológicas  que  participan  en  la  cascada 
amiloide de la enfermedad de Alzheimer. 
Para  la  búsqueda  de  compuestos  cabeza  de  serie  para  BACE‐1  tendremos  en  cuenta  la 
plasticidad de su sitio activo, así como  la  información adquirida en nuestros estudios previos 
sobre  la  influencia de  los estados de protonación del  ligando y  la proteína en  los cálculos de 




y  evaluación  farmacológica,  en  colaboración  con  otros  grupos  de  investigación  de  la USC  y 
otras universidades europeas. Como en todo proceso de descubrimiento de fármacos, se hace 





The main objective of  this  thesis  is  the design of drug  lead  candidates  for  the  treatment of 
Alzheimer's disease (AD). For this purpose, we have chosen BACE‐1 as a key  pharmacological 
target:  an  aspartyl  protease  bound  to  the  cell  surface,  which  relocates  to  the  endosomal 
region inside the cell where it carries out its catalytic activity at an acidic pH. BACE‐1 is a critical 
target due  to  its  involvement  in  the  rate determining  step of  the Amyloid Precursor Protein 








the  inhibitors bind  to  the enzyme at  the cell surface, at a neutral pH, and  then  the protein‐
inhibitor complex translocates to the endosomes, where BACE‐1 performs its catalytic activity. 
2nd) The most promising strategy for  BACE‐1 inhibitor lead search starts with the discovery of 
fragment  leads.  Therefore,  we  intend  to  develop  a  protocol  for  highly  accurate  fragment 
docking in BACE‐1 that takes into account the protonation state variability for both ligand and 
enzyme titrable residues, as a function of pH. As a testing ground we will employ some of the 
published  crystallographic  structures  of  BACE‐1/ligand  complexes,  as  well  as  their  ligands 
binding affinities obtained at the optimal catalytic pH.  
3rd) The last, and probably the central objective of this thesis, will be the design of drug leads 
that  could  bind  to  BACE‐1  and  other  pharmacological  targets  in  the  amyloid  cascade, 
responsible for AD.  
For the BACE‐1 lead compounds we will take into account the plasticity of this enzyme’s active 
site,  as  well  as  the  information  gained  on  our  previous  studies  on  the  influence  of  the 
protonation state of  ligand and protein on the docking calculations. Our multi‐target strategy 
should  lead  us  to  the  search  of  ligand  structural  modifications  aimed  at  improving  their   
viability as inhibitor of other targets in the amyloid pathway, namely AChE and the Aβ peptide 
aggregation. 
The  most  promising  compounds  in  the  docking  simulations  will  be  synthesized  and 
pharmacologically  evaluated  in  collaboration  with  other  USC  and  European  universities 




























tipos de organismos. Esto se aplica  incluso a entidades como el virus de  la  inmunodeficiencia 
humana  (Human  Inmunodeficiency  Virus  o HIV),  que  secuestra  la maquinaria  celular  de  su 
huésped y la emplea en su propia replicación.  
Uno  de  los  grupos  más  importantes  de  enzimas  proteolíticas,  desde  el  punto  de  vista 
terapéutico,  es  el  de  las  aspartil  proteasas.  Estas  enzimas  se  han  convertido  en  dianas 
terapéuticas53 para una gran variedad de enfermedades, como infecciones bacterianas54,55,56 y 
fúngicas,57  algunas  variedades  de  cáncer,58,59  y  enfermedades  neurodegenerativas.23  La 
importancia de esta  familia de proteínas  se ve  resaltada por  los numerosos  libros y  reviews 
publicados sobre el tema.60,61,62 Uno de  los proyectos de diseño racional de fármacos basado 
en estructura más exitoso  implicó el desarrollo de  inhibidores de  la proteasa de HIV‐1 (HIV‐1 
PR, una aspartil proteasa vírica) como parte de la terapia multifármaco conocida como HAART 
(Highly Active AntiRetroviral Therapy, o terapia antirretroviral de alta actividad).53 HIV‐1 PR se 
ha  convertido en una de  las enzimas más estudiadas en el proceso de diseño de  fármacos, 
tanto experimental como computacionalmente. Otro miembro de esta  familia enzimática,  la 
renina,  participa  en  la  regulación  de  la  presión  sanguínea mediante  su  papel  en  el  sistema 
renina‐angiotensina. Recientemente, un esfuerzo de 30 años ha culminado en el desarrollo del 
primer inhibidor de renina empleado en procesos clínicos.53,63 BACE‐1 es otro miembro de esta 
familia que ha ascendido  al  rango de diana  terapéutica de  la EA, dada  su  implicación en el 
proceso hidrolítico que lleva a la amiloidosis.23,53,62 
Tanto BACE‐1 como  la proteasa del HIV pertenecen al clan AA de  las aspartil proteasas, y se 

























Generalmente,  las células secretan enzimas de  la  familia A1 como proenzimas  inactivas que, 
en la mayoría de casos, se activan autocatalíticamente a pH ácido. Su estructura consta de dos 
lóbulos  homólogos,  hecho  que  hace  evidente  la  evolución  por  duplicación  génica  de  los 
miembros de esta familia. El sitio catalítico está situado entre ambos  lóbulos de  la molécula, 
cada  uno  de  los  cuales  aporta  uno  de  los  dos  ácidos  aspárticos  componentes  de  la  díada 
catalítica, además una estructura de tipo 'flap' u horquilla que contiene un residuo de Tirosina 
controla  la  especificidad.  La  peptidasa  arquetipo  de  esta  familia,  la  pepsina  A,  cataliza  la 
proteolisis de  las proteínas alimentarias en el estómago en  los vertebrados y  fue  la segunda 
enzima  determinada  por  cristalografía.65  La  Figura  3.1  ilustra  de  manera  esquemática  el 
ectodominio de BACE‐1, una enzima de la familia A1.  
 
Figura 3.1. Representación esquemática que muestra el ectodominio de BACE-1 (PDB id. 1FKN) 
incluidas las cadenas laterales de la díada aspártica catalítica (enmarcadas en negro). Los lóbulos N- y 
C-terminal se ilustran en rojo y azul, respectivamente. 
La  familia A2  (retropepsinas) se descubrió a  finales de  los años 80 como resultado del papel 
esencial  de  la  enzima  HIV‐1  PR  en  la maduración  del  virus  de  inmunodeficiencia  humana 





activas  únicamente  como  homodímeros.  La  Figura  3.2  muestra  una  representación 




Figura 3.2. Representación esquemática del dímero de HIV-1 PR (PDB id. 3HVP), incluidas las cadenas 




Como  hemos  mencionado  anteriormente,  las  aspartil  proteasas  se  caracterizan  por  la 
presencia  de  dos  residuos  de  ácido  aspártico  en  el  sitio  activo,  cuyas  cadenas  laterales 




en  los  siguientes párrafos. El Esquema 3.1  (ya comentado con anterioridad en  la Página 14) 
muestra el mecanismo catalítico, que incluye el ataque nucleófilo de una molécula de agua en 
el  sitio  activo  al  carbonilo  del  enlace  peptídico  a  hidrolizar,  generando  un  intermedio 
tetraédrico  de  tipo  gem‐diol.66  El  diseño  de  la  primera  generación  de  inhibidores  suele 
contener un análogo de este intermedio tetrahédrico insertado en péptidos cortos. 
La conformación de  los residuos aspárticos en el sitio activo formado en la  interfase dimérica 
en  HIV‐1PR  es  indistinguible  de  la  estructura  que  presentan  las  aspartil  proteasas 










cargado  lleva  a  cabo  la  desprotonación  del  agua  clave  en  la  hidrólisis  mientras  el  ácido 
protonado  polariza  el  oxígeno  del  carbonilo  del  enlaze  peptídico  hidrolizable.  Estudios 
comparativos  de  Andreeva  y  Rumsh68  han  demostrado  que  la  interacción  de  los  oxígenos 
externos  de  la  díada  catalítica  con  los  residuos  del  entorno  del  sitio  activo  contribuye  a 
mantener  la  carga  negativa  de  uno  de  los  residuos  aspárticos  y  el  estado  neutro  del  otro, 
independientemente  del  valor  de  pH.  Este  sistema  de  regulación  es  característico  de  las 
proteasas de organismos eucariotas, funcionando a diversos valores de pH, y es el resultado de 
su  adaptación  evolutiva.  Las  estructuras  homodiméricas  simples  presentes  en  las  proteasas 
retrovirales carecen de este sistema regulador, por lo que su funcionamiento se restringe a un 
estrecho margen  de  valores  de  pH  común  a  todas  ellas,  no muy  alejado  del  pKa  del  grupo 
carboxilo, y la asimetría de carga del sitio activo es consecuencia de la unión del sustrato.68 
  
Esquema 3.1. Mecanismo catalítico general de las aspartil proteasas. 
 
3.1.3.‐ Efectos del inhibidor en el estado de protonación del sitio activo de las aspartilproteasas. 
La  importancia del estado de protonación del  sitio activo en  la  catálisis y diseño de nuevos 






estados  de  protonación  (di‐, mono‐  y  desprotonado).  El  objetivo  era  buscar  el  estado  de 
protonación de  la díada aspártica que mantuviese  la  intrincada  red de enlaces de hidrógeno 
observada en la estructura cristalográfica entre cada uno de estos ligandos y la región del sitio 











resultados  indican  que,  de  todos  los  posibles  estados  de  carga,  sólo  uno  reproduce 
adecuadamente  los datos cristalográficos de cada  inhibidor, y resultó ser diferente para cada 
uno  de  los  inhibidores  estudiados.72  Los  trabajos  de  dinámica molecular  en  otras  aspartil 
proteasas  como  BACE‐173,74  y  plasmepsina  275  se  limitaron  a  emplear  un  estado  de  carga 
monoprotonado en  la díada aspártica. Por ejemplo, en el caso de BACE‐1 complejada con el 
inhibidor  peptídico  OM99‐2  se  llevaron  a  cabo  dos  trayectorias  paralelas  de  dinámica 





cuántica para  estudiar  el  estado de protonación de  la díada.76,77,78  Por  ejemplo, Rajamani  y 
Reynolds78  han  explorado  el  estado  de  ionización  más  favorable  tanto  para  Asp32  como 
Asp228 en BACE‐1 mediante el uso de cálculos de mecánica cuántica de escalado linear en los 
que los penalizadores por desolvatación se calculan por una aproximación Poisson‐Boltzmann. 
Para  posibilitar  estos  cálculos  se  tuvo  que  reducir  de  manera  drástica  el  tamaño  de  la 
estructura enzima‐ligando. Los resultados de esta aproximación mecanocuántica favorecen el 
estado monoprotonado,  con  el protón ubicado  en  el Asp228,  contradiciendo  los  resultados 
anteriores de Park y Lee73 y de Caflisch.74 Además, estos cálculos apoyan  la existencia de una 
díada aspártica catalítica neutra cuando  la enzima se encuentra en  forma apo. Sin embargo, 
tanto  los  cálculos mecanocuánticos  como  de  dinámica molecular  se  basan  en  la  estructura 
cristalográfica de rayos X, obtenida a valores de pH superiores al pH de actividad óptimo de la 




del  estado  de  protonación  de  un  residuo  ionizable  a  cualquier  intervalo  de  pH.79  Para 
comprobar el efecto de esta variable en el estado de carga real de la díada catalítica Polgár y 
Keserü80 han calculado la fracción de protonación a través del pH de estos residuos mediante 
un  proceso  de  Poisson‐Boltzmann  iterativo  que  permite  el  cambio  de  carga  de  todos  los 
residuos  polares  enterrados.  Estos  estudios  también  favorecen  el  estado monoprotonado, 
pero con el protón  localizado en el Asp 32 tanto en forma apo como holo, en disonancia con 
los cálculos de Rajamani y Reynolds.78  
El  estado  de  ionización  de  la  díada  aspártica  debería  ser  esencial  en  la  predicción  de 

















de  Caflisch74  ha  demostrado  que  los  compuestos más  activos  obtienen  un mejor  resultado 

















inhibidor  influye  en  gran medida  en  el  estado de  carga de  los  residuos  ionizables ubicados 
cerca de  y en el  sitio activo de  las aspartil proteasas.  Sin embargo,  la  carencia de opciones 
estructurales que supone  la necesidad de no poseer grupos  ionizables en el sustrato  limita  la 
versatilidad de estos experimentos. 
En este estudio, hemos propuesto un método alternativo para predecir  los valores de pKa de 
los  grupos  ionogénicos  del  sitio  activo  en  un  complejo  enzima‐inhibidor  que  combina  la 
determinación experimental del valor de afinidad de enlace del inhibidor a distintos valores de 
pH  con  un  protocolo  computacional  diseñado  para  explicar  las  tendencias  experimentales 




los  residuos  ionogénicos de  la proteína a un pH determinado. Por una parte,  los ensayos de 
afinidad de enlace de SPR evitan problemas recurrentes presentes en análisis de FRET (Föster 











aproximaciones  de  tipo  Generalized  Born  (GB)  a  la  solución  de  la  ecuación  de 
Poisson‐Boltzman  permiten  una  evaluación  más  rápida  y  precisa  del  pKa  de  los  residuos 
ionizables de  la proteína cuando ésta está  ligada a un  inhibidor,87,88 un paso cuyo objetivo es 
asignar los estados de protonación de los residuos de la proteína (a un valor de pH dado) en la 
estructura que  sirve como punto de partida de  las  simulaciones de mecánica molecular. Las 
conformaciones  resultantes  de  estas  simulaciones  se  emplean  para  evaluar  las  energías  de 




Comenzaremos describiendo  los estudios en  la β‐secretasa, o BACE‐1. La  importancia de esta 
proteína  como diana  farmacológica en el  tratamiento de  la enfermedad de Alzheimer  se ha 
revisado en la introducción general de la tesis. Uno de los objetivos principales de este estudio 
es  determinar  el  efecto  de  la  presencia  de  diferentes  inhibidores  en  la  carga  de  todos  los 

































Todos  los estudios de  interacción se  llevaron a cabo a 25ºC en un equipo SPR Biacore 2000 o 
Biacore  S51  (GE  Healthcare,  Uppsala,  Suecia).  La  interacción  se  midió  en  unidades  de 
resonancia  (RU) en  función del  tiempo  y  se presenta  como  sensogramas,  con datos de una 
serie de  concentraciones  de  inhibidor  superimpuestas para  cada  experimento.  Los datos  se 




Tabla 3.1.- Estructura química de los inhibidores de BACE-1 estudiados. 
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a El complejo Inhibidor/BACE-1 para I-5 se obtuvo por homología con el complejo 2VNN 
37 
 
Para  el  ensayo  de  actividad  celular  se  cultivaron  células  HEK293  que  expresan  de manera 






Para  nuestros  cálculos  consideramos  todos  los  compuestos  descritos  en  la  Tabla  3.1,  a 
excepción  del  compuesto  I‐6,  dado  que  su  baja  velocidad  de  disociación  sólo  permitió 
proponer  un  límite  superior  de  KD  (KD  <  10  nM). Descargamos  las  estructuras  del  resto  de 




complejo 1FKN. Una  inspección más detalla de  las estructuras reveló que  los extremos de  la 
cadena en estos huecos estaban distorsionados, con lo que se ajustaron siguiendo los ángulos 
de  torsion  de  la  región  del  1FKN  correspondientes;  una  vez  ajustados  estos  segmentos,  se 
introdujeron  los fragmentos de cadena necesarios para completar la estructura, enlazándolos 
a  los  extremos  recolocados.  Para  optimizar  estos  segmentos  de  inserción,  empleamos  un 
protocolo de  Steepest Descent  con un  gradiente  de  tolerancia  de  0.1  kcal/(mol∙Å2),  con  un 
campo de fuerzas de tipo CHARMM,96 disponible en el software Discovery Studio. Dado que las 





llamado Cálculo de  Ionización de Proteína y pKa de Residuo  (Calculate Protein  Ionization and 
Residue pKa, CPIRpK). Este protocolo, que emplea una aproximación de tipo Generalized Born 
para  reproducir  los  efectos  del  disolvente,  permite  la  determinación  iterativa  del  pKa  de 
residuos que interaccionan entre sí. Las constantes dieléctricas internas y externas empleadas 
para este  cálculo  fueron 10  y 80  respectivamente,  la  fuerza  iónica  fue 0.145,  y el  límite de 
energía  para  el  clústering  fue  de  0,5  kcal/mol.  Las  cargas  empleadas  en  estos  cálculos  se 
obtuvieron  del  campo  de  fuerzas  CHARMM.96  El  protocolo  empleado  se  aplica  a  todos  los 
residuos de  la proteína y a  los  residuos de aminoácido que  forman parte de  los  inhibidores 
péptidomiméticos.  Así  pues,  este  algoritmo  fue  capaz  de  predecir  los  valores  de  pKa  (y  en 
consecuencia  la fracción de protonación a un pH dado) para  los aminoácidos  ionizables de  la 
enzima  y  los  inhibidores  I‐1 e  I‐2.  Los grupos  amino protonados de  los  inhibidores  I‐3  a  I‐5 
pueden  alcanzar  valores de pKa de 10 o más,  con  lo que  los hemos dejado  cargados. Estos 








residuo  ionogénico a cada valor de pH del  intervalo. El módulo de Discovery Studio  también 
genera  el  estado  de  protonación mayoritario  a  un  valor  dado  de  pH,  protonando  aquellos 
residuos  con  una  fracción  de  protonación  mayor  de  0.5.  En  algunos  complejos 
BACE‐1/inhibidor nos  encontramos  con una  fracción de protonación próxima  a 0.5 para  los 






en  la  segunda  empleamos  restricciones de  tipo NOE  en  los  átomos pesados que participan 
como dadores/aceptores en los enlaces de hidrógeno entre ligando y proteína. Cada una de las 
minimizaciones de energía  (ME)  se  compuso de dos  segmentos: el primero una ME de  tipo 
Steepest Descent de 2000 pasos y el segundo de una ME con protocolo de optimización tipo 
ABNR  de  50000  pasos.  El  gradiente  de  tolerancia  para  estos  cálculos  fue  de  0.001 
kcal/(mol∙Å2). La estructura resultante pasó por un protocolo NVT de dinámica molecular (DM) 





interacción  ligando‐proteína. Ésta  se determinó mediante una  función de evaluación basada 










ΔGbind = X1 ΔGbind(0) + (1‐X1) ΔGbind(‐1)            (3.2) 
Donde  ΔGbind(0)  y  ΔGbind(‐1)  son  los  valores  de  función  de  evaluación  cuando  el  residuo 
ácido está protonado o cargado, respectivamente. X1 es la fracción de protonación del residuo 








En  el  caso  de  los  inhibidores  peptídicos  con  isósteros  tipo  hidroxietileno  (I‐1  e  I‐2),  hemos 
observado  en  nuestros  resultados  que  bajo  ciertas  condiciones  puede  darse  un  estado 
diprotonado de  la díada aspártica catalítica, como veremos en  los próximos apartados. Para 
estudiar  en mayor profundidad  estos  resultados,  se  eligieron una  serie de  compuestos que 
presentan  este  tipo  de  inhibidor.  Además  de  los  compuestos  I‐1  e  I‐2,  se  estudiaron  los 
compuestos descritos en  la Tabla 3.2. Los compuestos  I‐7 e  I‐8  fueron sintetizados mediante 
un  protocolo  de  síntesis  de  péptidos  en  estado  sólido  en  el  Serveis  Cientificotecnic  de  la 
Universitat  de  Barcelona,  tras  obtener  el  isóstero  utilizando  una  nuevo  aproximación 
sintética.82  Los  análisis  de  FRET  para  estos  compuestos  I‐1,  I‐7  e  I‐8  se  llevaron  a  cabo  en 
colaboración  con  la  Dra.  Marián  Castro  del  Departamento  de  Farmacología  de  la  USC 
empleando un kit disponible comercialmente. Los datos de Ki para  los compuestos  I‐1,  I‐9 e 
I‐10 se obtuvieron de la bibliografía.98  











Dado  que  en  el momento  de  llevar  a  cabo  estos  estudios  no  se  disponía  de  estructuras 









1FKN  (que contiene el  ligando OM99‐2, o  I‐1), que consistió en una  superimposición guiada 









En  la  Figura  3.3  se muestran  los  datos  de 
interacción  de  los  inhibidores  elegidos  con 
BACE‐1,  observada  en  los  experimentos  de 
SPR  a  pH  4.5  y  7.4.  En  dicha  figura  se 
aprecian  diferencias  significativas  en  las 




También  se pueden  ver  las estimaciones de 
afinidad  asociadas  a  cada  experimento, 
expresadas como KD. Dada la lenta velocidad 
de disociación, no se pudieron valores de KD 
para  I‐1 o  I‐2 a pH 4.5 ni para  I‐6 a ninguno 
de  los  dos  valores  de  pH.  Esta  disociación 
lenta  debería  tenerse  en  cuenta  al 
interpretar los datos de inhibición de enzima 
de  estos  compuestos  ya  que  los 
experimentos  de  inhibición  de  estado  fijo 




de  los  residuos  aspárticos  de  la  díada 




presenta  la  fracción  de  protonacción  de  cada  uno  de  los  residuos  de  la  díada  catalítica  a 
diferentes valores de pH. El aspecto más común en  los  resultados es que Asp32 permanece 
protonado  en  un  intervalo mayor  de  pH  que  Asp228  en  la  díada  catalítica.  La  estructura 
Figura 3.3. Datos de SPR de la interacción de los 
inhibidores I-1 a I-6 con BACE-1. Para aquellas 
interacciones donde no se pudo estimar la 











del  residuo  en  disolución,  particularmente  en  el  caso  de  Asp228.  La  diferencia  entre  los 







Figura 3.4. Curvas de titulación para el sitio activo de la díada aspártica catalítica en BACE-1. Las curvas 
muestran la fracción protonada (X) en función del pH para Asp32 y Asp228 en los complejos indicados. 
  
Los resultados de nuestros cálculos para el estado de protonación observado en la díada para 
los  casos  de  I‐1  e  I‐2  a  pH  4,5  difieren  del  consenso  construido  a  través  de  observaciones 
experimentales de otras aspartil proteasas (HIV‐1 PR,99 endiotiapepsina100 y similares) y de los 
cálculos realizados por otros grupos en el complejo BACE‐1/OM99‐2.73,77,78 Estos otros estudios 


































































La mayoría  de  cálculos  orientados  al  estudio  del  estado  de  protonación  del  sitio  activo  de 
BACE‐1  no  han  tenido  en  cuenta  el  efecto  del  pH.73,77,78  El  objetivo  del  único  estudio 
relacionado con el pH era dilucidar el estado de protonación de la díada catalítica y aplicarlo a 
la evaluación in silico de una gran cantidad de compuestos de elevada diversidad química.80 El 
nuestro  es  el  primer  estudio  en  el  que  se  ha  llevado  a  cabo  el  cálculo  del  estado  de 
protonación  de  otros  residuos  ionizables.  Para  la  mayoría  de  proteínas  esto  no  sería  un 
problema  ya  que  los  residuos  cargados  suelen  accesibles  al  disolvente,  y  por  tanto 
permanecen cargados en el intervalo de pH de interés. La familia de las aspartil proteasas (de 
la que, como habíamos indicado, BACE‐1 es miembro) es una excepción en este ámbito, ya que 
poseen una cantidad  sustancial de  residuos  ionizables parcial o  totalmente enterrados en el 
interior  de  la  proteína.  Por  este  motivo,  sus  valores  de  pKa  podrían  ser  sensiblemente 




por  su microentorno. Los  residuos ácidos que experimentan un aumento de  su valor de pKa 
suelen ser residuos de Glu, mientras algunos de los residuos de Asp muestran un valor de pKa 
más bajo que el valor del residuo libre en disolución.  





catalítica  y  afinidad  de  ligando.  La  Figura  3.5  ilustra  los  estados  de  carga  de  los  residuos 
ionizables de BACE‐1 a pH 4.5 y 7.4 cuando ésta se encuentra complejada con OM99‐2 (I‐1). 
Para  evaluar  el  efecto  del  pH  en  las  afinidades  de  enlace  de  ligando,  empezamos  por  la 




a  0.5  (como  es  el  caso  del  Asp228  a  pH  4.5  para  el  complejo  2B8L),  lo  que  nos  indica  la 
existencia de una población significativa del estado minoritario de protonación. Para tener en 
cuenta  el  efecto  que  la  población  minoritaria  puede  ocasionar,  evaluamos  también  su 
contribución  como  se  indica  en  la  sección  de  materiales  y  métodos.  En  estos  casos  la 
predicción final de afinidad del inhibidor se calculó mediante la ponderación de los complejos 





Tabla 3.3. Valores de pKa para residuos ácidos enterrados de BACE-1. 
 
Residuoa 
PDB Id (Nombre del Inhibidor) 
1FKN (I-1) 1M4H (I-2) 2B8L (I-3) 2IRZ (I-4) 2VNNb(I-5) 
Asp 32 10.46 10.35 8.35 6.88 8.67 
Asp 83 4.49 4.74 4.79 4.87 4.83 
Asp 138 2.98 3.11 3.23 3.38 3.41 
Asp 228 7.26 7.68 4.47 4.01 4.11 
Asp 311 3.04 3.53 3.88 3.59 3.62 
Asp 346 4.46 4.46 4.55 4.59 4.49 
Asp 363 3.34 3.25 3.08 3.06 3.24 
Glu 116 5.66 6.07 5.95 6.09 5.80 
Glu 200 5.95 5.63 5.50 5.52 5.43 
Glu 207 4.79 4.67 5.02 5.02 4.60 
Glu 219 4.40 4.38 4.06 4.61 4.57 
Glu 339 6.72 6.73 6.10 6.26 6.44 
a Los valores de pKa para Asp y Glu en disolución son 3.9 y 4.2, respectivamente. b Análago de 2VNN. 
 





bajos.  Los  valores  entre  paréntesis  indican  los  valores  ponderados,  donde  la  fracción  de 
protonación de uno de los residuos de la díada es muy próxima a 0.5. 
 
Figura 3.5. Residuos cargados en función del pH para el complejo 1FKN. La ilustración izquierda 
corresponde a pH 4.5, la derecha a pH 7.4. Los residuos ácidos se representan mediantes esferas rojas y 
los básicos mediante esferas violeta. El inhibidor se muestra como barras amarillas. El complejo se 
representa mediante su superficie accesible al disolvente, en gris. 
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observadas.  Esta  tendencia  es  razonable  dado  que  los  isósteros  de  estos  inhibidores  son 
análogos  del  intermedio  de  reacción  de  hidrólisis  del  sustrato  y  su  afinidad  de  enlace  en 
función  del  pH  debería  imitar  la  dependencia  del  pH  del  enlace  de  sustrato.101  Cuando  el 
motivo  de  anclaje  a  la  díada  aspártica  es  un  grupo  amino,  esta  tendencia  se  invierte,  y  se 
observa una mayor afinidad al pH al que se obtuvo la estructura cristalográfica (7.4), lo que de 
nuevo  concuerda  con  el  valor  experimental.  El  motivo  de  este  comportamiento  puede 
explicarse dada  la naturaleza cargada del grupo amino. Como se ha  indicado anteriormente, 
este  grupo  tiene  un  pKa  próximo  a  10  en  disolución,  con  lo  que  es  muy  probable  que 
permanezca cargado en el entorno del sitio activo e  induzca  ionización en  la díada aspártica, 
formando  en  consecuencia  un  enlace  salino  entre  ambos  grupos  cargados  y  por  tanto 
mejorando la afinidad del  ligando por la proteína a este pH. Los valores de KD obtenidos para 
aquellos  inhibidores  con  un  grupo  de  anclaje  mixto  (hidroxietilamina)  muestran  un 
comportamiento mixto, una tendencia reproducida por nuestras simulaciones. Como se puede 





inferior  a  4.5,  lo  que  resulta  en  una  población  prácticamente  igual  de  residuo  aspártico 
protonado  y  desprotonado.  Como  muestra  la  Tabla  3.4,  el  empleo  de  una  predicción 
ponderada  de  afinidad,  utilizando  como  pesos    las  fracciones  de  protonación  de  Asp228, 
permite para este caso una mejor reproducción de los resultados experimentales.  
Tabla 3.4. Valores de inhibición a nivel celular y efecto del pH en los valores de afinidad experimentales y 
calculados. 
 
PDB Id Inhibidor IC50 celular (nM)b 
KD (nM) c Función de evaluación (kcal/mol)d 
pH 4.5 pH 7.4 pH 4.5 pH 7.4 
1FKN OM99-2 (I-1) 940 < 10 617±2.8 -65.0±3.4 
-57.2±3.1 
(-55.0±3.3) 
1M4H OM00-3 (I-2) N/A < 10 171±19 -71.4±2.8 
-53.0±3.4 
(-53.1±3.3) 




2IRZ I-4 86 105±34 42±20 -45.8±3.8 -53.2±2.4 
2VNNa I-5 3 4±0.3 5±0.8 -45.2±3.6 -45.5±3.9 
2VKM I-6 0.1 < 10 < 10 N/A N/A 
aAnálogo 2VNN. bInhibición de producción de Aβ en células que expresan el mutante sueco de APP. 
cDesviaciones estándar basadas en al menos dos experimentos independientes. dValores entre paréntesis 





Además,  el  orden  de  afinidad  para  estos  inhibidores  (con  la  excepción  de  I‐5)  reproduce 
adecuadamente  los  resultados experimentales a pH bajo. Así, nuestra  función de evaluación 
predice que los inhibidores análogos del intermedio de reacción (I‐1 e I‐2) son más potentes a 
pH 4.5 que  los  inhibidores con hidroxietilamina o amina como  isósteros, de acuerdo con  los 










de  BACE‐1  basados  en  fragmentos  heteroaminocíclicos  dan  señal  de  actividad  celular  por 
debajo de 10 µM y una afinidad a la enzima en el mismo rango a pH cercano al neutro. 
Como  se  puede  ver  en  la  Tabla  3.4,  los  ensayos  celulares  llevados  a  cabo  por  nuestros 
colaboradores  en  Suecia  indican  que  los  inhibidores  con  una  elevada  afinidad  enzimática  a 
valores de pH ácido y neutro  (esto es,  los que poseen una función hidroxietilamina) también 
muestran  actividad  celular  elevada.  Estos  resultados  se  pueden  explicar  suponiendo  que,  
aunque  la enzima es activa en  las vesículas endosomales donde el pH es ácido, sólo aquellos 
compuestos que también interaccionan con la enzima en la superficie de la célula a pH neutro 
son  cotransportados  con  la  proteína  hacia  el  interior.  Por  tanto,  aquellos  compuestos  que 
enlazan con BACE‐1  tanto a pH ácido como neutro  serían en prinicipio buenos candidatos a 
inhibidores  para  una  efectividad  óptima  a  nivel  celular.  Nuestros  resultados  indican  que 
nuestro protocolo asistido computacionalmente para  la evaluación de  la dependencia con el 
pH sería particularmente eficiente para ayudar en el diseño de análogos activos a nivel celular. 
Por  otra  parte,  nuestros  cálculos  indican  que  para  los  inhibidores  con  isóstero  tipo 
hidroxietileno  (I‐1  e  I‐2)  la  díada  catalítica  se  encuentra  diporotonada  a  pH  ácido.  Para 
corroborar este dato, hemos  llevado a cabo un estudio con varios  inhibidores de este tipo.82 
Además  de  los  dos  inhibidores mencionados,  se  estudiaron  otros  cuatro  compuestos  con 
isóstero hidroxietileno, presentados en  la Tabla 3.2. La Tabla 3.5 muestra  los valores de  IC50 
determinados mediante FRET por nuestros colaboradores en la USC, así como los valores de Ki 
disponibles en  la bibliografía para  los  compuestos estudiados. Como  se puede  ver en dicha 











de hidrógeno de baja barrera  (LBHB), entre un  grupo hidroxilo  localizado en el  isóstero del 




de  los oxígenos de  la  cadena  lateral de  la díada aspártica podía  llegar a  los 2.2 Å,104  lo que 
incrementa la posibilidad de un LBHB entre estos átomos. 
Tabla 3.5. Inhibidores con isóstero hidroxietilo. Valores de actividad inhibitoria experimental y de 




Valores de afinidad calculados según  
el estado de protonación de la díadaa 







I-1 19.1d 1.6e -95.5±2.1 -89.2±1.7 -91.8±2.8 -80.9±1.0 
I-2 -- 0.3f -99.1±1.5 -91.6±2.0 -84.8±1.7 -77.7±1.5 
I-7 45.5d -- -95.7±1.4 -98.0±2.0 -90.1±2.3 -98.4±2.6 
I-8 164.5d -- -95.2±1.2 -97.0±2.6 -101.9±2.4 -93.9±2.8 
I-9 -- 22430e -75.0±1.4 -76.6±2.0 -76.8±2.0 -77.0±2.1 
I-10 -- 2.5e -96.2±2.2 -94.6±1.7 -95.7±1.1 -91.4±2.0 
a Energía en kcal/mol. b La carga de los residuos ionizables de la proteína, a excepción de la díada 
catalítica se ha calculado según el protocolo descrito en el apartado 3.2.1.2, para pH 4.5. c Todos los 
residuos ionizables, salvo los de la díada catalítica, se encuentran en el estado de carga correspondiente 
a sus valores de pKa en disolución a pH 7. d Valores obtenidos como se indica en el apartado 3.1.2.3. y 
ref. 82. e Valores obtenidos de ref. 98. f Valores obtenidos de ref. 101. 
 
La existencia de enlaces de hidrógeno compactos, que apoyan los LBHB, se ha confirmado por 
difracción  de  rayos  X  y  neutrones  de  aspartil  proteasas  ligadas  a  inhibidores,  como  la 
endotiapepsina105 y BACE‐1 enlazadas a inhibidores peptídicos,25 lo que de nuevo sugiere que 






Hemos estudiado  los efectos del pH en  la afinidad de enlace de un grupo de  inhibidores de 
BACE‐1 con elevada variedad estructural mediante SPR, y hemos analizado los resultados con 
la  ayuda  de  cálculos  de  química  computacional.  La  sinergia  entre  ambas  aproximaciones 









sabemos, esta es una de  las escasas ocasiones en  la que ha estudiado  la dependencia de  la 
afinidad del ligando con el pH y su efecto en estado de carga de los residuos de la enzima.106  
  
Figura 3.6. (A) y (C) representan dos de los tres posibles estados de protonación de la díada aspártica 
(mono- y diprotonado, respectivamente). (B) es una representación esquemática de un LBHB con las 
posibles posiciones del protón rodeadas por círculos. 
 
Nuestros cálculos reproducen el ranking de afinidades a los dos valores de pH estudiados y la 
mayoría  de  las  tendencias  de  afinidad  de  enlace  de  los  inhibidores  a  pH  bajo.  Esta 
correspondencia  entre  los  valores  experimentales  y  calculados  del  ranking  de  afinidades 
respalda la validez de los pKa asignados por nuestro protocolo de predicción, indicando que los 




los  valores de pKa de  los  residuos  titulables, particularmente  los más próximos al  inhibidor, 
dependen  en  gran  medida  de  la  naturaleza  del  ligando  implicado,  lo  que  discrepa  con 
resultados  anteriores.80,74  Los  inhibidores  con  un  isóstero  con  una  función  hidroxietileno 
(OM99‐2 y OM00‐3)  inducen un estado doblemente protonado a pH ácido (4.5), y un estado 
monoprotonado a pH neutro (7.4). Otros isósteros, que incluyen un motivo amina en su enlace 
con  la  díada  catalítica,  reducen  el  pKa  de  la  díada  catalítica,  generando  estados 
monoprotonados  o  completamente  cargados  a  ambos  estados  de  pH.  En  algunos  casos,  la 
díada  aspártica  puede  estar  poblada  por  dos  estados  alternativos  de  protonación,  ambos 
necesarios para obtener resultados calculados en línea con los experimentales. 
Para  el  caso  de  los  inhibidores  con  isóstero  de  tipo  hidroxietileno,  se  corrobora  que  las 




Nuestros resultados sugieren que para  llevar a cabo una búsqueda  in silico de  ligandos no es 
aconsejable realizar un cribado con un único estado de protonación de la enzima. Los ligandos 














Para el estudio de  la  influencia de  la naturaleza del  inhibidor en el estado de protonación de 
HIV‐1 PR, decidimos utilizar el conjunto de inhibidores presentados en la Figura 3.7. Este grupo  
incluye una variedad de motivos químicos que van desde los inhibidores peptídicos empleados 







un  biosensor  SPR  (Biacore  S51,  GE  Healthcare,  Uppsala,  Suecia)  para  los  estudios  de 
interacción, siguiendo la metodología descrita en la bibliografía.83 Se registraron las señales de 
enlace  como unidades de  resonancia  (RU), para posteriormente presentarlas en  función del 
tiempo en sensogramas. Se empleó el   software BIAevaluation y S51 Biacore para extraer  la 
información de  los sensogramas. Los sensogramas normalizados se ajustaron a un modelo de 





Protein Data Bank  (PDB  ids. 1EBW, 1EBY,107 5HVP,104 1SDV,108 2NMW109 y 3EKX110), a  las que 
añadimos  los hidrógenos y asignamos  los tipos atómicos y cargas según el campo de  fuerzas 
CHARMM.96 Dado que no se conoce  la estructura del complejo entre HIV‐1 PR y el  inhibidor 


















Figura 3.7. Inhibidores de HIV-1 PR estudiados. 
 
Hemos calculado los valores de pKa de todos los residuos ionizables de los complejos mediante 
el  protocolo  de  CPIRpK  propuesto  por  Spassov  y  Yan.88  Como  en  el  caso  de  BACE‐1,  este 






que el  inhibidor presenta otros grupos  ionizables (los grupos amino de nelfinavir,  indinavir, y 
saquinavir, así  como el  carboxilato del grupo estatina de  la acetilpepstatina), evaluamos  los 




Para  nuestros  cálculos  de  afinidad  elegimos  los  estados  de  protonación  predichos  como 








que  el  valor  de  pH  era  muy  próximo  al  valor  de  pKa  de  un  residuo  ácido  de  HIV‐1  PR, 





red  de  enlaces  de  hidrógeno  entre  ligando  y  proteína  observada  en  la  estructura 
cristalográfica.  En  la primera ME  restringimos  el movimiento de  todos  los  átomos pesados, 














CHARMM  y  la  solvatación GBSW,  respectivamente,  para  el  complejo  ligando‐proteína  (P:L), 
proteína (P), y ligando (L). Al igual que en el caso de BACE‐1, llevamos a cabo todos los cálculos 
en  el  superodernador  Finisterrae  disponible  en  el  Centro  de  Supercomputación  de  Galicia 
(CESGA). Como se ha  indicado anteriormente, existe  la posibilidad de que ambos estados de 
protonación  de  un  residuo  acídico  dado  estén  altamente  poblados.  Para  estos  casos, 
obtuvimos  la función de evaluación final (2) mediante  la ponderación del valor de energía de 
interacción para ambos estados de protonación, como hemos explicado en el apartado 3.2.1.2. 
ΔGbind = X1 ΔGbind(0) + (1‐X1) ΔGbind(‐1)            (3.2) 
Donde    ΔGbind(0) y    ΔGbind(‐1)  son  los valores de  función de evaluación cuando el  resudio 
ácido está protonado o cargado, respectivamente. X1 es la fracción de protonación del residuo 
específico  a  un  pH  dado,  obtenido  de  su  valor  de  pKa  mediante  la  ecuación  de 
Henderson‐Hasselbalch. 
La  constante  dieléctrica  tiene  un  efecto  notable  en  los  valores  de  pKa  calculados  para  los 
grupos  ionizables.78  Para  evaluar  el  efecto  de  este  parámetro  en  nuestros  resultados, 











los estudios de RMN más extensivos para  la determinación de pKa de  los residuos  ionizables 
del complejo.114  
 
Figura 3.8. Red de enlaces de hidrógeno propuesta entre las cadenas laterales de AspA25/B25 y el grupo 






De  igual manera,  nuestros  cálculos  indican  que  los  residuos  Asp  A29/B29  se  vuelven más 
ácidos  que  el  modelo  en  disolución,  lo  que  de  nuevo  está  en  línea  con  los  valores 
experimentales. 
Tabla 3.6. Comparación de los valores de pKa experimentales y calculados para las cadenas laterales 





pKa pKa a pKa b pKa pKa a pKa b 
Asp A25 8.24 8.19 7.70 Glu A21 4.28 4.52 4.48 
Asp A29 2.66 2.06 1.97 Glu A34 4.71 4.88 4.91 
Asp A30 4.04 3.99 3.96 Glu A35 4.27 3.73 3.75 
Asp A60 3.55 3.11 3.15 Glu A65 4.00 3.74 3.72 
Asp B25 7.21 8.19 7.70 Glu B21 4.23 4.52 4.48 
Asp B29 2.63 2.03 1.97 Glu B34 5.26 4.88 4.91 
Asp B30 4.08 3.99 3.96 Glu B35 3.86 3.73 3.75 
Asp B60 3.50 3.11 3.15 Glu B65 4.03 3.74 3.72 
 a Este conjunto de valores experimentales se ha determinado mediante desplazamientos químicos de 
carbono carboxílico en función del pD. b Este conjunto de valores experimentales se ha determinado 













Tabla 3.7. Valores de pKa calculados para residuos ácidos de HIV-1 PR ligados a inhibidores sin grupos 
ionizables. 
Residuo A008 B268 B369 Residuo A008 B268 B369 
Asp A25 8.64 10.23 10.24 Glu A21 4.41 4.30 4.25 
Asp A29 2.77 3.01 3.51 Glu A34 4.82 5.17 5.23 
Asp A30 4.78 4.06 4.08 Glu A35 4.18 4.13 4.15 
Asp A60 3.66 3.50 3.60 Glu A65 3.73 3.67 3.65 
Asp B25 7.25 6.91 6.70 Glu B21 4.46 4.26 4.26 
Asp B29 2.49 3.02 3.84 Glu B34 5.01 5.01 4.98 
Asp B30 4.12 3.91 3.69 Glu B35 3.79 3.77 3.95 
Asp B60 2.77 3.60 3.47 Glu B65 3.87 3.80 3.77 
 





a  cabo  la  asignación  de  cargas  a  cada  pH  según  el  pKa  estimado  en  Epik.113  Por  ejemplo, 
indinavir  y  saquinavir  poseen  varias  aminas  susceptibles  a  protonación  para  algunos  de  los 














efecto  notable  en  los  valores  resultantes  de  pKa  de  sus  residuos  ionizables.  Trylksa  y 








Tabla 3.8. Valores de pKa calculados para los residuos ácidos de HIV-1 PR ligado a inhibidores con 
grupos ionizables. 
Residuo 
Indinavir Nelfinavir Saquinavir AcetilPepstatina 
Cargado  Neutro Cargado Neutro Cargado Neutro Cargado Neutro 
Asp A25 7.21 7.29 6.15 7.36 5.61 6.56 8.67 8.77 
Asp A29 2.19 2.42 2.10 2.23 2.84 2.94 2.79 2.80 
Asp A30 3.66 3.76 4.40 4.75 4.29 4.37 4.74 4.75 
Asp A60 3.42 3.44 3.09 3.11 3.52 3.53 3.46 3.46 
Asp B25 9.41 9.57 8.89 9.85 8.03 8.74 7.30 7.41 
Asp B29 3.35 3.51 2.11 2.32 2.31 2.52 2.37 3.30 
Asp B30 4.56 4.60 3.94 4.08 4.02 4.15 3.88 5.04 
Asp B60 3.36 3.37 3.24 3.25 3.01 3.03 3.69 3.72 
Glu A21 4.26 4.29 4.38 4.41 4.62 4.63 4.81 4.83 
Glu A34 4.32 4.35 4.98 5.05 5.02 5.41 5.31 5.35 
Glu A35 4.23 4.25 3.68 3.71 3.74 3.76 4.14 4.15 
Glu A65 3.67 3.67 3.58 3.60 3.54 3.55 4.09 4.09 
Glu B21 4.47 4.52 4.53 4.55 4.09 4.12 4.95 4.95 
Glu B34 4.72 4.83 5.07 5.11 5.20 5.25 4.85 4.86 
Glu B35 3.65 3.68 3.97 4.00 4.23 4.25 3.72 3.74 
Glu B65 3.83 3.85 3.56 3.57 3.75 3.76 3.46 3.47 
 
La  Tabla  3.9  muestra  los  valores  de  pKa  de  la  díada  aspártica  catalítica  de  varios  de  los 





Los  experimentos  muestran  que  los  inhibidores  de  HIV‐1  PR  se  pueden  clasificar  en  tres 
grupos,  de  acuerdo  con  el  efecto  del  pH  en  su  afinidad.  El  primer  grupo  contiene  a  los 
inhibidores que carecen de grupos ionizables (A008, B268, B369). Sus afinidades son similares 
a pH 4.1 y 5.1;  la similitud entre afinidades no se mantiene a pH 7.4, donde esta afinidad es 
menor.  El  segundo  grupo  lo  compone  la  acetilpepstatina,  cuya  afinidad  se  reduce  con  el 
incremento de pH. Por último, el tercer grupo de inhibidores (nelfinavir, saquinavir e indinavir) 











Tabla 3.9. Valores de pKa calculados para la díada catalítica de HIV-1 PR en función de la constante 
dieléctrica. 
Inhibidor Residuo 
Constante dieléctrica de la proteína a 
10 12 15 18/20 
A008 
Asp A25 8.64 7.74 6.70 6.47 
Asp B25 7.25 6.66 5.93 4.77 
B268 
Asp A25 10.23 8.86 7.67 6.87 
Asp B25 6.91 6.2 5.5 5.02 
B369 
Asp A25 10.24 8.96 7.76 6.53 
Asp B25 6.7 6.01 5.32 4.60 
Saquinavir 
Asp A25 5.61 (6.56) 4.07 (4.83) 
Asp B25 8.03 (8.74) 5.63 (6.14) 
a Los números entre paréntesis corresponden a los obtenidos con el inhibidor en estado neutro. 
 
Tabla 3.10. Efecto del pH en los valores de afinidad experimentales y calculados. 
Inhibidor 
Función de Evaluación de 
afinidad (kcal/mol) a 
Valores experimentales de 
KD (nM) 
pH 4.1 pH 5.1 pH 7.4 pH 4.1 pH 5.1 pH 7.4 
A008 
-79.85 
-80.18 -78.85 1.83 1.84 6.95 
(-79.98) 
B269 -87.22 -87.46 -85.50 2.97 3.00 10.80 
B369 
-99.93 
-101.42 -99.69 1.14 1.00 13.90 
(-101.35) 
Indinavir -- -- 
-100.76 
5.45 1.38 1.20 (-92.82) 
Indinavir (+) -88.55 -91.96 -92.82 
Nelfinavir -- -91.50 
-90.70 
37.6 2.99 3.40 (-90.80) 
Nelfinavir (+) -88.55 -89.12 -92.80 
Saquinavir -- -92.38 -96.23 
4.13 0.637 0.577 
Saquinavir (+) -91.44 -92.49 -94.89 
AcetilPepstatina -95.73 -88.80 
-94.20 
208 759 8150 (-95.0) 
AcetilPestatina(-) -- -92.17 -91.84 
a Los resultados en negrita marcan la mejor correspondencia con los valores experimentales. Valores 
entre paréntesis calculados por ponderación de afinidad de estados de protonación con valores próximos 
a 0.5.  
También hemos listado los valores de la afinidad de enlace calculada para cada inhibidor a los 
tres valores de pH, lo que nos permite racionalizar el orden de afinidades de enlace según pH 







de  constante  dieléctrica.  La  Tabla  3.11  muestra  los  valores  de  afinidad  calculados  para 
acetilpepstatina  y  nelfinavir  a  constante  diélectrica  18.  Como  se  ve  en  la  tabla,  la 




Tabla 3.11. Valor calculado de la función de evaluación de afinidad de enlace a constante dieléctrica 18 
(kcal/mol). 
Inhibidor 
Valor de pH 
4.1 5.1 7.4 
Nelfinavir 
Cargado -98.81 -97.95 -96.93 
Neutro -96.73 -96.84 -94.13 
AcetilPepstatina 
Cargado -108.59 -108.47 -104.62




inhibidor tienen un efecto muy marcado en  los valores de pKa de  las cadenas  laterales de  los 
residuos  ionizables  de  la  proteína.  Aún  así,  se  pueden  observar  algunas  características 
comunes entre  las  tendencias del pKa de  los  residuos de  la proteína. Por ejemplo, nuestros 
cálculos  indican que el desplazamiento más grande de pKa, en  comparación  con  los  valores 
modelo  en  disolución,  corresponde  a  los  residuos  ácidos  en  la  región  de  enlace, 
particularmente  aquellos  de  la  díada  catalítica.  El  pKa  de  estos  residuos  varía  en  varias 
unidades con el cambio de inhibidor. 
En comparación,  los  residuos ácidos  residentes en  los espacios cercanos a  la díada catalítica 
muestran cambios más pequeños, pero aún así notables, como es el caso del descenso del pKa 
del  AspB30  cuando  la  proteína  está  ligada  a  la  acetilpepstatina  cargada.  Como muestra  la 
Figura 3.9, esta tendencia se puede explicar al explorar  la estructura del sitio de enlace, que 
muestra que este residuo es parte de un microentorno complejo, estableciendo contactos con 
el carboxilato C‐terminal del residuo estatina del  inhibidor y con  la cadena  lateral de LysB45. 
En su conjunto,  los desplazamientos predichos para  los residuos ácidos muestran tendencias 
similares a las observadas en los experimentos para el complejo HIV‐1 PR/DMP323. 114 
Por  otra  parte,  la  asignación  del  estado  de  protonación  de  la  díada  aspártica  basada  en 
experimentos  de  RMN  de  la  enzima  ligada  a  pepstatina  A117  difiere  de  nuestra  predicción 
cuando la enzima está enlazada con Acetilpepstatina. Nuestros resultados indican que la díada 
aspártica sólo estará monoprotonada al valor de pH de 7.4, mientras que el RMN sugiere una 
díada monocargada  en  un  intervalo más  amplio  de  pH.  Los  resultados  experimentales  que 







rango de pH.115 Aún así, estos  resultados de RMN pueden  ser  interpretados de más de una 
manera. Piana y colaboradores99 propusieron un estado diprotonado de la díada basándose en 
dinámicas moleculares  ab  initio  que  incluyen  el  cálculo  de  los  desplazamientos  químicos  e 
isotópicos de  13C.  En  este  trabajo mostraron que  el único  estado de  carga de  la díada que 
reproduce  estos  valores  observados  de  RMN  es  el  neutro,  de  acuerdo  con  nuestras 
predicciones. Para otros inhibidores, como KNI‐272, los resultados de difracción de rayos X de 
una  estructura  de  alta  resolución  combinada  con  estudios  de  difracción  de  neutrones116 
muestran  la existencia de densidad electrónica próxima únicamente uno de  los dos  residuos 
de ácido aspártico de la díada, apoyando así la existencia de un estado monoprotonado. 
Los resultados aquí mostrados sugieren que el estado de carga de la díada aspártica catalítica 










Figura 3.9. Microentorno del residuo Asp B30 en el complejo HIV-1 PR/acetilpepstatina. Distancias en Å 
Por último, los resultados de las tablas indican que los estados de protonación de los residuos 
ionizables  de  HIV‐1  PR  dependen  en  gran  medida  de  la  estructura  química  y  estado  de 
ionización  de  cada  inhibidor,  de manera  similar  a  nuestros  resultados  previos  en  BACE‐1, 
presentados en un apartado anterior de este capítulo. 
Como se ha indicado anteriormente, la Tabla 3.10 lista los valores experimentales de afinidad 
así  como  los predichos por nuestra  función de MM. Hay dos  cuestiones  clave  a  la hora de 
comparar estos dos sets de resultados. El primero responde al hecho de que en algunos casos 
los valores de pKa de algunos de  los residuos ácidos presentes en el sitio activo de HIV‐1 PR 






son  prácticamente  idénticas  a  pH  4.1.  Otro  ejemplo  se  ve  en  la  díada  aspártica  catalítica, 
donde el valor de pKa de estos residuos se desplaza en varias unidades hacia valores básicos. 




ambas  estructuras.  Esta  ponderación mejora  la  correspondencia  del  orden  de  afinidad  de 






Otro  factor  de  peso  en  el  orden  de  afinidad  de  enlace  es  el  estado  de  protonación  del 
inhibidor. Como se ha mencionado antes, nuestra predicción de pKa de  los grupos  ionizables 
indica que nelfinavir, indinavir y saquinavir poseen un grupo amino protonado con un valor de 
pKa por encima de 7 en disolución. Aún así,  la  revisión del  sitio activo en  las estructuras de 
estos complejos muestra que  los grupos amino no establecen enlaces de hidrógeno o pares 
salinos con ningún grupo polar de la proteína. Esto sugiere la posibilidad de que el pKa de estos 
grupos  amino  protonados  en  el  interior  del  sitio  activo  sea  inferior  al  pKa  predicho  en 
disolución, lo que nos llevaría a un ligando neutro a valores más bajos de pH del que indicaría 
dicho pKa.  Para buscar  el  estado  real de protonación del  grupo  amino  en  estos  inhibidores 
hemos calculado la energía de enlace para el conjunto de estados de protonación posibles de 
estos  inhibidores, empezando por  los predichos por el módulo Epik de Schrödinger.113 En el 















En  resumen,  cuando  se  consideran  los dos  factores discutidos anteriormente  relativos a  los 




los  inhibidores  con  el  incremento  de  pH  entre  los  resultados  experimentales  y  los  valores 














Figura 3.10. Comparación entre las afinidades a los distintos valores de pH obtenidas por SPR (parte 




Los  resultados  aquí  descritos  sugieren  la  posibilidad  de  diseñar  inhibidores  con  distintas 
dependencias  de  la  afinidad  con  el  pH.  Por  ejemplo,  creemos  que  el  cambio  del  grupo 
carboxilato  en  el  extremo  C‐terminal  de  la  acetilpepstatina  por  un  grupo  polar  no  cargado 




deber a  la contribución del factor entrópico entre  los  inhibidores con sustanciales diferencias 
estructurales.  Así  por  ejemplo,  se  predice  una mayor  afinidad  de  la  acetilpepstatina  sobre 
A008,  en  contraste  con  la  tendencia  experimental.  El  estudio  de  las  estructuras  de  ambos 
inhibididores muestra  que  el  primero  es  un  ligando  peptídico  con  una mayor  cantidad  de 
grados de libertad que A008 y por lo tanto sufriría un penalizador entrópico mucho mayor para 




Hemos  empleado  nuestro  protocolo  basado  en mecánica molecular  para  proporcionar  una 
explicación  racional  a  los  resultados  obtenidos  cuando  se  determina  experimentalmente  la 
dependencia de la afinidad de enlace de una serie de inhibidores con HIV‐1 PR en función del 
pH.  Nuestro  protocolo  requiere  conocer  los  estados  de  protonación  de  todos  los  residuos 
ionizables  en  los  complejos  enzima‐inhibidor  a  los  tres  valores  de  pH  empleados  en  los 
estudios. En  consecuencia, es esencial disponer de  los  valores de pKa de  todos  los  residuos 
ionizables. Hemos validado el algoritmo de predicción de pKa empleado mediante los cálclulos 
de  los  valores  de  pKa  para  todos  los  residuos  ionizables  del  complejo  HIV‐1  PR/DMP323, 
comparando  los valores calculados  resultantes con  los valores experimentales determinados 
por  estudios  de  RMN.  Los  resultados  indican  que  nuestros  cálculos  reproducen  los  valores 
experimentales correctamente, lo que valida nuestro protocolo de predicción de pKa. 
Nuestros  cálculos  muestran  que  al  enlazarse  el  inhibidor,  varios  residuos  ionogénicos 
presentan cambios notables de sus valores de pKa en comparación con sus valores estándares 
en disolución. Los mayores incrementos en pKa se observan en los ácidos aspárticos de la díada 
catalítica.  Creemos  que  un  enlace  de  hidrógeno  de  baja  barrera  (LBHB)  entre  uno  de  los 
oxígenos carboxílicos de uno de  los ácidos aspárticos de  la díada y el hidroxilo del  ligando es 
esencial para entender  los estados de protonación de  la díada catalítica cuando  la enzima se 
encuentra ligada a un inhibidor, lo que permite aproximar nuestros resultados calculados a las 
observaciones experimentales. 
En  su mayor  parte,  las  diferencias  de  energía  de  enlace  observadas  experimentalmente  en 
función de la variación del pH son reducidas. Aún así, las tendencias en las afinidades de enlace 
calculadas  debido  al  incremento  del  pH  apoyan,  con  algunas  excepciones,  los  resultados 
observados en los experimentos de SPR. Nuestras predicciones de afinidad de enlace soportan 





de  enlace  experimentales,  un  resultado  que  refuerza  nuestra  asignación  de  carga  a  los 
residuos ionizables. Por otro lado, las tendencias de afinidad de enlace de un inhibidor a otro a 











El  estudio  de  la  naturaleza  de  la  protonación  del  sitio  activo  de  las  aspartil  proteasas,  en 
particular de BACE‐1, es un objetivo clave de esta  tesis, ya que un mayor entendimiento del 
funcionamiento de este  sitio activo nos permitirá a  su vez diseñar  inhibidores más potentes 
para  esta  enzima,  diana  terapéutica  clave  de  la  enfermedad  de  Alzheimer.  Los  ligandos 
elegidos  en  el  estudio  de  otra  aspartil  proteasa  (HIV‐1  PR)  nos  han  permitido  obtener  un 
mayor conocimiento sobre el papel que  la variación en el estado de carga de  los  inhibidores 




Hemos  estudiado  como  la  carga  del  inhibidor  influye  en  el  estado  de  carga  de  las  aspartil 
proteasas,  particularmente  de  la  díada  aspártica  catalítica,  y  en  la  capacidad  de  formar 



























































pruebas  sólidas  según  las  cuales  el  estado  de  carga  de  los  residuos  ionizables  de  BACE‐1 
depende  en  gran medida  de  la  naturaleza  química  del  inhibidor,81,82  por  lo  que  cualquier 
protocolo  de  screening  requeriría  la  predicción  del  estado  de  protonación  de  los  residuos 
ionizables  del  sitio  activo  (ligado  a  un  inhibidor  específico)  previo  a  los  cálculos  de 
acoplamiento (docking). 
La  influencia del estado de protonación de BACE‐1 en el  acoplamiento ha  generado mucho 
interés  en  los  últimos  años;  sin  embargo,  este  interés  se  ha  centrado  principalmente  en  la 
díada  aspártica  catalítica  del  sitio  activo,  ignorando  el  efecto  de  los  otros  residuos  ácidos 
enterrados dentro de esta enzima.80,119,120 Por ejemplo, Kacker y colaboradores119 emplearon 
una  combinación  bastante  sofisticada  de  mecánica  cuántica  y  simulaciones  de  mecánica 
molecular  para  predecir  el  estado  de  protonación  de  la  díada  aspártica  catalítica  para  los 
estudios  subsiguientes  de  autoacoplamiento  (self‐docking),  acoplamiento  cruzado  (cross‐
docking), y cribados de alto rendimiento (high throughtput screening). Por otra parte, Barman 
y Prabhakar120 han  investigado  todas  las alternativas de carga de  la díada aspártica catalítica 
para predecir qué combinación de carga genera el mayor enriquecimiento en las simulaciones 
de  autoacoplamiento.  Sin  embargo,  hasta  donde  alcanza  nuestro  conocimiento  no  se  han 





de protonación de  ligando  y proteína  a  este  valor de pH. Por otra parte,  la mayoría de  los 
ensayos de inhibición de BACE‐1 se llevan a cabo a un valor de pH ácido, en el intervalo óptimo 















residuos  ionizables de  la proteína con el pH y cómo estos cambios afectan a  la conformación 
de enlace del ligando. Para evaluar nuestros resultados emplearemos, entre otras medidas, la 
cercanía  de  las  poses  generadas  durante  los  estudios  de  acoplamiento  con  las  poses 









de  la mayoría de compuestos es  inferior a 350 Da (un valor  ligeramente superior al  límite de 
300 Da establecido para fragmentos), lo que los convierte en buenos candidatos a fragmentos 





para  probar  nuestra  aproximación.  Las  afinidades  de  todos  los  compuestos  por  BACE‐1  se 
muestran en la Tabla 4.1, en forma de IC50 o KD. Como se aprecia en la tabla, las afinidades de 
enlace  cubren  un  amplio  espectro,  desde  el  rango milimolar  al  rango  sub‐micromolar.  La 
eficiencia de ligando (LE) se define como el cociente entre la energía libre de Gibbs de enlace 
del complejo y el número de átomos pesados del ligando.121 
Obtuvimos  las coordenadas de  los complejos de BACE‐1 del Protrein Data Bank  (PDB). Sobre 
estas coordenadas incorporamos los hidrógenos empleando el software Discovery Studio.95 La 
mayoría  de  las  estructuras  poseen  una  resolución  por  debajo  de  2.5  Å,  aunque  todos  los 
complejos presentan una o más discontinuidades en sus secuencias de residuos. El punto más 
habitual de comienzo de los tramos de desconexión en la cadena es en torno al residuo 157 y 
se  extiende  en  un  intervalo  de  9  a  12  residuos  (variando  para  cada  caso). Otro  tramo  de 
desconexión  en  la  cadena que  se encuentra en bastantes estructuras  comienza en  torno  al 












Tabla 4.1.- Estrucutras y datos de inhibición de BACE-1 de los candidatos estudiados. 
PDB Id. Estructura1 pKa2 IC50 (μM) KD (μM) LE Ref. 
2OF0 6.5a >2000  < 0.19 32 
2OHK 
 
7.5a ~ 2000  0.3 32 
2OHL 6.7a ~ 2000  0.3 32 
2OHM 6.8a 310  0.32 32 
2OHN HN
F
10.6a ~ 500  0.32 32 







a 40  0.32 122 
2VA5 3.3a 130  0.28 122 
2VA6 7.7a 0.38  0.36 122 
2VA7 8.3a 0.20  0.37 122 
2ZJK 7.4a  > 1.000  123 
3BRA 9.5a  2000 0.37 124 
3BUF 9.8a  800 0.38 124 













Tabla 4.1. (Cont) 
PDB Id. Estructura1 pKa2 IC50 (μM) KD (μM) LE Ref. 
3BUH 9.9a  220 0.32 124 
3KMY 7.2 b  32 0.38 125 
3MSJ 7.7 b 770  0.29 126 
3MSK 7.7c 26  0.27 126 
3MSL 7.7c 7  0.29 126 
3MSM 7.7c 8.9  0.26 126 
3H0B0 8.1 b 5.7  0.27 102 








5.5b 1.1  0.30 102 
 
1El átomo de nitrógeno con mayor probabilidad de protonación se resalta en rojo.  
2Los valores de pKa se han obtenido de una de las tres siguientes fuentes, indicadas para cada 
fragmento: a) Resultados estimados en Scifinder127. b) Valor bibliográfico. c) Estimación por analogía. 
Para asignar  los estados de protonación de  los residuos en BACE‐1, calculamos  los valores de 
pKa de dichos residuos mediante el empleo del protocolo propio del software Discovery Studio 












de  cada  residuo  ionizable  en  el  pKa  del mismo mediante  una  aproximación  del  algoritmo 
Generalized Born. Este protocolo permite obtener resultados de pKa acertados con muy poco 
coste computacional, como se ha demostrado en el capítulo 3 de esta tesis. 
Para  nuestros  cálculos,  determinamos  el  estado  de  protonación  de  la  proteína  en  los 
diferentes complejos a dos valores distintos de pH (4.5 y 7.4). Dado que la mayoría de estudios 
de difracción de  rayos X que han proporcionado  la posición de  ligando observada han  sido 
obtenidos a valores de pH próximos al neutro, procedimos a asignar  los estados de carga de 
los  residuos  de  BACE‐1  de  a  pH  7.4  de  acuerdo  con  sus  valores  de  pKa.  Por  otra  parte,  el 
estudio  de  acoplamiento  a  un  pH  ácido  próximo  al  pH  óptimo  de  actividad  catalítica  de  la 
enzima  (4.5) se perfila  también como un objetivo  importante, ya que  la mayoría de ensayos 





activo de BACE‐1. Como se puede ver en  la Tabla 4.1,  la mayoría de  inhibidores tienen uno o 
varios  grupos  amino  que  pueden  interactuar  con  la  díada  aspártica  catalítica  mediante 
interacciones  electrostáticas.  Para  determinar  la  probabilidad  de  encontrar  el  ligando 










un máximo de 1.250.000  iteraciones. Para asegurarnos una mayor  variabilidad en  las poses 
finales, empleamos  la opción de  configuración de  soluciones diversas de GOLD, que  impide 
que se formen grupos de posiciones muy similares en los resultados. Para generar las poses de 
los  complejos,  se  emplearon  las  siguientes  funciones  residentes  en GOLD:  ChemScore,129,130 
GoldScore,131,132 y ChemPLP.133 Sometimos cada una de  las poses obtenidas a un proceso de 
reevaluación de acoplamiento con  las tres técnicas descritas. Además, en trabajos anteriores 


























de  la contribución de un  fenómeno  físico particular, donde ΔGbinding  indica término de enlace 
proteína‐ligando,  ΔGhbond  indica  término  de  enlace  de  hidrógeno,  ΔGmetal  indica  término 









de  colisión  (indicado  como Pclash  en  la  ecuación  subsiguiente)  y  términos de  torsión  interna 
(indicados  como  Pinternal),  que  corrigen  contactos  demasiado  cercanos  en  simulaciones  de  
acoplamiento  y  conformaciones  internas  inadecuadas.  También  es  posible  incluir  términos 
covalentes (ccovalent, Pcovalent) o de restricciones de distancia (Pconstraints). Por lo tanto, la ecuación 























El  resultado  de  evaluación  se  obtiene  como  el  negativo  de  la  suma  de  los  términos 
componentes de energía, con lo que un valor más alto predice una mejor posición de enlace. 
Como indica la ecuación, el valor Sexternal vdw se multiplica por un factor de 1,375 al realizar este 







emplea el Potencial Linear de Fragmentos  (Piecewise Linear Potential,  ƒPLP) para modelizar  la 
complementariedad estérica entre proteína y  ligando, además de  los  términos dependientes 
de distancia y ángulo de los enlaces de hidrógeno y metálicos (ƒchem‐hb, ƒchem‐cho para hidrógeno, 
ƒchem‐met  para metales)  y  el  término  de  enlace  covalente  ligando‐inhibidor,  en  caso  de  ser 
aplicable (ƒchem‐cov). El valor interno del ligando se compone del potencial de choque de átomos 
pesados  (ƒlig‐clash)  y  el  potencial  de  torsión  (ƒlig‐tors).  Además,  entran  en  consideración  los 
componentes de energía de  la proteína (ƒprot), y el factor de restricciones del  ligando (ƒcons). A 
aquellas funciones ƒ en las que es necesario, se les adjunta el peso ω adecuado.  
FitnessChemPLP =  ‐  (ωPLP  ∙  ƒPLP + ωlig‐clash  ∙  ƒlig‐clash + ωlig‐tors  ∙  ƒlig‐tors + ωprot  ∙  ƒchem‐prot + ωcons  ∙  ƒcons + 
ƒchem‐cov + ƒchem‐hb + ƒchem‐cho + ƒchem‐met) 
Como  indica  la ecuación, el valor de fitness es  la suma de  los factores anteriormente citados, 




Para  la  primera  función  de  reevaluación  basada  en  mecánica  molecular  (referida  como 
Charmm),  las  poses  de  cada  ligando  se  sometieron  únicamente  a  una  minimización  de 
hidrógenos,  llevada a cabo en dos etapas: una primera etapa de minimización  tipo Steepest 
Descent de 2.000 pasos, seguida de una segunda etapa de 50.000 pasos de minimización tipo 






de  esta  salvedad,  el  proceso  de minimización  siguió  los mismos  pasos  que  el  proceso  de 
Charmm, descrito anteriormente. En ambos casos, clasificamos las estructuras por el valor de 
energía de enlace de mecánica molecular según la aproximación del cuerpo rígido que incluye 














de  los  cuadrados)  de  las  coordenadas  del  ligando  comparando  una  o más  de  las  poses  de 
mayor rango de  las soluciones de acoplamiento y  la posición en el complejo de  la estructura 
cristalográfica.  Hemos  definido  el  rendimiento  del  acoplamiento  como  el  porcentaje  de 




que  las  poses  en  el  intervalo  de  1,5  a  2,0  Å  pueden  contener  errores  significativos  y  la 
orientación global del ligando puede variar drásticamente en comparación con las estructuras 
observadas experimentalmente.136 
En nuestros  cálculos,  la probabilidad de  éxito de una  simulación dada dependerá de  varios 
parámetros, tales como  la función de acoplamiento con  la que se generaron  las poses, el pH 
del  entorno,  la  carga  del  inhibidor,  y  la  función  de  reevaluación  empleada.  Para  cualquier 
posible  combinación de estos  factores, hemos definido  la  fracción de éxito del  compuesto  i 
[FE(i)] mediante la siguiente ecuación: 
ܨܧሺ݅ሻ ൌ ே஼ሺ௜ሻே்                       (4.1) 







La  fracción  de  éxito  total,  expresada  en  forma  de  porcentaje,  para  todos  los  ligandos  aquí 
estudiados a un valor de pH dado para cada una de  las  funciones de  reevaluación se puede 
calcular mediante la siguiente ecuación, donde NL es el número total de ligandos: 
ܪ݅ݐ% ൌ ఀிாሺ௜ሻே௅  * 100                   (4.2) 
Una estadística opcional empleada por otros grupos es calcular el  índice de éxito  localizando 
para  cada  compuesto al menos una pose entre  las NT mejores  (para un  intervalo de RMSD 
dado),  para  después  aplicar  la  ecuación  4.2.  Cuando  se  usa  este método,  como  han  hecho 













como  ligandos de  los  complejos 2OHK, 2OHN, 2VA6, 2VA7, 2ZJK, 3BRA, 3BUF, 3BUG, 3BUH, 
3MSJ, 3MSK, 3MSL, 3MSM, 3H0B0 y 3H0BM) estarán cargados a pH 4.5 y 7.4, mientras que 8 
(los  identificados en  la  Tabla 4.1  como pertenecientes  a  los  complejos 2OF0, 2OHL, 2OHM, 
2OHP, 2OHS, 2VA5, 3KMY, 3H0BS) sólo estarán cargados a pH ácido. De cualquier manera, el 








Tras  llevar  a  cabo  la  identificación  preliminar  de  los  grupos  amino  protonados  en  estos 
fragmentos, calculamos  los valores de pKa para todos  los residuos  ionizables de BACE‐1 tanto 
para  los  casos  de  ligando  neutro  como  para  los  casos  de  ligando  protonado.  La  Tabla  4.2 
muestra los valores de pKa para los residuos de la díada aspártica catalítica cuando los ligandos 
están protonados y neutros. Como se puede observar, el estado de carga del inhibidor afecta 
de manera  notable  al  pKa  de  los  residuos  aspárticos  catalíticos.  Así,  el  asignar  un  estado 






ligandos  peptidomiméticos  de  BACE‐1  predicen  que  el  residuo  Asp32  presenta  una mayor 
tendencia  a  permanecer  protonado  que  Asp228  durante  un  amplio  intervalo  de  pH.81  Los 
resultados mostrados en la Tabla 4.2 confirman este orden de protonación para la mayoría de 
ligandos.  Sin  embargo, para  algunos  casos  se observa que  el  ranking de pKa de  la díada  se 
invierte, como en los casos de los complejos de 2OHL, 3BRA, y 3BUG con el ligando protonado. 
Por  lo  tanto  se  deduce  que  la  díada  aspártica  es  capaz  de  adoptar  una  gran  variedad  de 




Si  el  pH  se  eleva  hasta  un  valor  próximo  al  neutro  (7.4)  se  predice  que  el  enlace  con  el 
inhibidor favorece principalmente un estado doblemente cargado de la díada. 
Tabla 4.2. Valores de pKa predichos para la díada aspártica catalítica en presencia del inhibidor 
Complejo Carga Ligando 
pKa Complejo Carga Ligando 
pKa 
Asp 32 Asp 228 Asp 32 Asp 228 
2OF0 
Neutro 8.6 6.4 
3BUF 
Neutro 7.0 4.7 
Protonado 6.4 4.2 Protonado 4.5 5.4 
2OHK 
Neutro 8.8 5.1 
3BUG 
Neutro 6.5 5.1 
Protonado 4.0 4.3 Protonado 4.4 5.7 
2OHL 
Neutro 8.3 5.7 
3BUH 
Neutro 7.0 5.0 
Protonado 3.5 6.0 Protonado 4.5 5.7 
2OHM 
Neutro 6.6 8.1 
3H0B0 
Neutro 6.8 7.0 
Protonado 5.2 4.4 Protonado 5.2 5.6 
2OHN 
Neutro 6.4 4.5 
3H0BM 
Neutro 7.6 6.9 
Protonado 5.9 2.9 Protonado 5.0 5.7 
2OHP 
Neutro 9.5 5.9 
3H0BS 
Neutro 7.6 6.7 
Protonado 5.7 5.3 Protonado 4.3 5.3 
2OHS 
Neutro 7.3 7.8 
3KMY 
Neutro 7.2 8.4 
Protonado 7.2 4.3 Protonado 7.2 3.7 
2VA5 
Neutro 8.7 5.3 
3MSJ 
Neutro 9.0 6.7 
Protonado 7.7 4.4 Protonado 6.2 5.0 
2VA6 
Neutro 8.4 5.8 
3MSK 
Neutro 8.4 6.0 
Protonado 5.9 3.8 Protonado 5.3 4.3 
2VA7 
Neutro 8.8 5.8 
3MSL 
Neutro 8.1 6.0 
Protonado 6.1 3.9 Protonado 5.6 3.9 
2ZJK 
Neutro 6.2 4.8 
3MSM 
Neutro 8.6 6.0 
Protonado 6.1 4.6 Protonado 5.6 3.9 
3BRA 
Neutro 6.5 4.7  












4.3.2.‐ Efecto del estado de protonación del  inhibidor y  la carga de  los residuos de  la proteína 
en los resultados de acoplamiento. 
Para estimar el efecto del estado de carga del  inhibidor y  los estados de protonación de  los 
residuos  de  la  proteína  a  dos  valores  de  pH  en  los  resultados  de  acoplamiento,  hemos 







el  éxito  del  autoacoplamiento.  La  protonación  de  los  inhibidores  incrementa  de  manera 
sustancial el porcentaje de hits a valores de RMSD bajos (<1.5 Å) y reduce número de poses en 
el intervalo de RMSD más alto (>6.0 Å). 
Para  estudiar  el  efecto  de  la  función  de  evaluación  en  el  enriquecimiento  de  hits,  hemos 




los  enlaces  de  hidrógeno  y  pares  iónicos  directos.  Las  funciones  de  evaluación  basadas  en 
mecánica molecular representan estas interacciones no covalentes mediante funciones de tipo 
coulómbico  apantalladas mientras  que  las  funciones  de  evaluación  residentes  en GOLD  los 




Por  otra  parte,  uno  de  los  principales  problemas  a  la  hora  de  comparar  resultados  de 




toman  en  cuenta  para  la  búsqueda  de  un  candidato  de  bajo  RMSD.  Estudios  recientes 
relacionados  con el efecto del estado de protonación de  la díada  aspártica  catalítica en  los 
cálculos de acoplamiento sobre BACE‐1119,120 han considerado el conjunto de  las diez mejores 
poses  para  buscar  un  hit  de  RMSD  inferior  a  2.0  Å, mientras  que  otros  autores  emplean 
métricas  menos  permisivas  que  sólo  consideran  las  respectivas  poses  de  cabeza  de  tres 
estudios de acoplamiento paralelos.136 Para determinar el efecto del  tamaño de muestra en 





1.5 Å respecto a  la estructura cristalográfica de  las tres poses mejor clasificadas;  la Figura 4.3 
muestra el porcentaje de acierto para identificar al menos una pose con un RMSD < 1.5 Å entre 
las tres mejor clasificadas de cada compuesto; finalmente, la Figura 4.4 muestra el porcentaje 
de  acierto  para  identificar  al menos  una  pose  con  un  RMSD  <  1.5  Å  entre  las  diez mejor 
clasificadas de cada compuesto. Estos resultados se han obtenido mediante las ecuaciones 4.1 
y 4.2  (Páginas 72 y 73). Los resultados de  las Figuras 4.2, 4.3 y 4.4  incluyen el porcentaje de 
éxito de varias funciones de reevaluación tanto para ligando neutro como ligando protonado a 
los dos valores de pH empleados en nuestros estudios. A modo de referencia, también hemos 
llevado  a  cabo  simulaciones  de  acoplamiento  donde  todos  los  residuos  ionogénicos  de  la 




muestran un mayor grado de éxito en comparación con  los  ligandos neutros, para  todas  las 
funciones de reevaluación y valores de pH empleados. Uno de los incrementos más marcados 
se  da  en  los  resultados  de  rescoring  con  las  técnicas  de mecánica  molecular  (Charmm  y 








incrementar  el  número  de  poses  a  valores  de  RMSD más  bajos.  Dado  que  las  estructuras 
cristalográficas  originales  se  habían  obtenido  a  pH  próximo  a  neutro,  es  de  esperar  que  la 






con  h.Charmm.  El  porcentaje  de  hit  obtenido  cuando  se  lleva  a  cabo  el  acoplamiento  de 
fragmentos protonados con GoldScore o ChemPLP  también  indica un  incremento del mismo 
cuando éste se  lleva a cabo a pH 7.4, pero  las diferencias son menores, en particular cuando 
comparamos  resultados  a  pH  7.4  con  no  CPI.  Las  reducidas  diferencias  entre  ambas 
distribuciones de  carga  se explican en parte por  los  valores de pKa de  los  residuos del  sitio 








Figura 4.1.- Porcentaje de poses encontradas a un valor determinado de RMSD, resultado del cálculo de 
acoplamiento con las diferentes funciones de evaluación a valor de pH 4.5 y 7.4. Los cálculos indicados 














































Figura 4.2.- Porcentaje de éxito en las tres posiciones mejor clasificadas tras la reevaluación con las 



















































Figura 4.3.- Porcentaje de fragmentos que poseen al menos una posición con un RMSD a menos de 1.5 



















































Figura 4.4.- Porcentaje de fragmentos que poseen al menos una posición con un RMSD a menos de 1.5 


















































es  la  calidad  de  las  funciones  empleadas  en  la  reevaluación.  Como  se  ha  indicado 
anteriormente,  las  funciones  de  evaluación  presentes  en  GOLD  (GoldScore,  ChemScore, 
ChemPLP)  reducen  de  manera  significativa  la  influencia  de  interacciones  electrostáticas 
cruciales para describir de manera completa el efecto de la carga de los residuos ácidos en la 
localización  de  la  pose,  ya  que  reemplazan  las  interacciones  coulómbicas  presentes  en  las 
aproximaciones  de  mecánica  molecular  por  funciones  de  tipo  enlace  de  hidrógeno.  Los 
resultados de la Figura 4.2 muestran que las funciones de mecánica molecular son, en muchos 
casos, más  efectivas  que  las  funciones  de  evaluación  originales,  lo  que  nos  indica  que  la 
representación coulómbica de la interacción electrostática es importante para incluir el efecto 
de la carga de los residuos ionizables en la búsqueda una pose de enlace correcta. Por lo tanto, 
















experimentales  para  el  derivado  que  contiene  una  función  tiazol  (3H0BS)  indican  que  la 
afinidad observada a pH 4.5 (IC50 =1.1 µM) se reduce drásticamente al aumentar el pH (0% de 
inhibición  a  pH  6.5).102  Para  probar  nuestro  protocolo,  hemos  re‐evaluado  las  25  poses  de 
salida  de  acoplamiento  de  este  ligando  a  ambos  valores  de  pH  con  nuestras  funciones  de 
evaluación Charmm  y h.Charmm, para  los dos estados de  carga del  inhibidor.  La  Figura 4.5 
muestra la predicción de afinidad (ΔGenlace) a ambos valores de pH para la pose con mejor valor 









Figura 4.5.- Resultados de reevaluación (referidos como -∆G Enlace) para las poses de acoplamiento de 
mejor ranking de 3H0BS, con las funciones originales de GOLD indicadas. La reevaluación se llevó a 
cabo para el ligando neutro y protonado a pH 4.5 y 6.5, empleando las técnicas de reevaluación de 









la  estructura  cristalográfica,  para  todas  las  técnicas  de  reevaluación  y  todos  los  valores  de 
protonación  de  la  proteína.  Varios  compuestos  presentan  grados  de  éxito  favorables 




ligado  a  una  asignación  adecuada  de  la  protonación  del  grupo  amino  en  el  inhibidor.  Por 
ejemplo, la asignación de carga final empleada en el ligando 2VA5 (protonando el nitrógeno 1) 
mejora  el  ratio  de  hit  total  en  aproximadamente  un  30%,  cuando  se  compara  con  los 
resultados obtenidos  con  la  asignación de  la protonación  al nitrógeno 3, que  resulta  en un 
porcentaje de hit global del 17.8% (resultado no  indicado). La Figura 4.6 (Página 84)  ilustra  la 
posición  relativa  de  los  dos  átomos  de  nitrógeno  del  ligando  en  2VA5  respecto  a  la  díada 
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Tabla 4.3.- Porcentaje de hit a RMSD < 1.5 Å a través de los distintos protocolos. 
PDB Id 
% Hit según carga del ligando 
Neutro Protonado Global 
2OF0 17.8 55.6 36.7 
2OHK 4.4 80.0 42.2 
2OHL 6.7 93.3 50.0 
2OHM 60.0 91.1 75.6 
2OHN 80.0 97.8 88.9 
2OHP 51.1 82.2 66.7 
2OHS 64.4 91.1 77.8 
2VA5 28.9 64.4 46.7 
2VA6 84.4 82.2 83.3 
2VA7 95.6 95.6 95.6 
2ZJK 17.8 24.4 21.1 
3BRA 17.8 37.8 27.8 
3BUF 24.4 13.3 18.9 
3BUG 15.6 11.1 13.3 
3BUH 66.7 51.1 58.9 
3KMY 66.7 91.1 78.9 
3MSJ 22.2 73.3 47.8 
3MSK 28.9 51.1 40.0 
3MSL 55.6 91.1 73.3 
3MSM 77.8 97.8 87.8 
3HOB0 73.3 73.3 73.3 
3HOBM 66.7 68.9 67.8 
3HOBS 64.4 77.8 71.1 
 















Muchos autores han  investigado el efecto del estado de carga del  inhibidor y de  los residuos 
ácidos en el acoplamiento a BACE‐180,118,119,120 y otras proteínas.137 Aún así, en BACE‐1 no se ha 
tenido en cuenta el efecto de los residuos ácidos más allá de la díada catalítica. En uno de los 
primeros  estudios  de  Polgár  y  colaboradores118  se  investigó  el  efecto  del  estado  de 
protonación de  la díada catalítica en el cribado de  ligandos de BACE‐1. El  cribado  se  realizó 
mediante el acoplamiento de  los candidatos en una estructura de BACE‐1 con asignación de 
carga  en  la  díada  de  ‐1,  independientemente  de  la  naturaleza  química  del  ligando.  Como 
hemos  demostrado  anteriormente,81  la  asignación  de  carga  de  la  díada  aspártica  catalítica 
depende en gran medida de la estructura química del ligando que se le une. A la vista de este 
resultado,  las  campañas  de  cribado  de  ligandos  de  BACE‐1  deberían  ser  precedidas  de  la 
predicción del estado de carga de los residuos acídicos de BACE‐1. Esta idea se ha incorporado 
recientemente a algunos estudios de cribado, autoacoplamiento, y acoplamiento cruzado de 




Nuestros  resultados  indican  que  aunque  no  hay  otros  residuos  ácidos más  allá  de  la  díada 
aspártica catalítica que establecen interacción directa con el inhibidor,  varios residuos de este 
tipo experimentan variaciones en su valor de pKa en comparación con  los obtenidos para  los 













estos  residuos ácidos puede  influir en  la posición de enlace de  los diferentes  ligandos. Para 
tener  en  cuenta  estas  interacciones  de  larga  distancia,  deberían  considerarse  funciones  de 
evaluación que modelicen  las  interacciones electrostáticas  (como es el caso de  las  funciones 
basadas en mecánica molecular descritas en este capítulo) incluso en la generación de poses. 
Como se ha mencionado previamente en la sección de resultados, nuestros cálculos muestran 
para  algunos  casos  un  incremento  de  las  probabilidades  de  éxito  cuando  la  totalidad  del 
enzima se protona en función del pKa predicho, particularmente cuando se emplean funciones 
de  reevaluación  basadas  en  mecánica  molecular,  lo  que  indica  que  las  interacciones 










LE  de  0,4,  por  debajo  del  cual  las  posibilidades  de  bajo  rendimiento  de  acoplamiento 
aumentan.  Si  revisamos  las  Tablas  4.1  y  4.3  (Páginas  67  y  83,  respectivamente),  podemos 
observar que si bien los compuestos de peor rendimiento de acoplamiento están entre los de 
menor afinidad de enlace, no hay una correlación directa entre rendimiento de acoplamiento y 
afinidad de enlace. Por otra parte,  los  valores experimentales para  LE  se encuentran en un 
rango entre 0,19 y 0,38, por debajo del valor de corte de 0,4 propuesto para buen rendimiento 
de acoplamiento. 136 De hecho, algunos de  los compuestos con un valor de LE más próximo a 
0,4  (3BRA,  3BUF,  3BUG)  están  entre  los  compuestos  que  dan  peores  resultados  de 
acoplamiento. 
Hemos encontrado una posible explicación estructural para los resultados de acoplamiento de 
estos  compuestos  basándonos  en  las  interacciones  proteína‐ligando  observadas  en  las 
estructuras  cristalográficas.  En  algunos  casos  (3BRA,  3BUF,  3BUG)  el  grupo  amina  primario 
establece  enlaces  de  hidrógeno  con  únicamente  uno  de  los  residuos  de  la  díada  catalítica, 
Asp32. El otro enlace de hidrógeno se observa entre la función hidroxilo del grupo fenólico y la 
fenilanalina Phe108. La Figura 4.7 muestra la superimposición de una de las poses de salida de 
valor  de  reevaluación más  alto  según  h.Charmm  con  la  estructura  cristalográfica  de  3BUG. 
Como se observa en dicha figura,  la carencia de  interacción de enlace de hidrógeno adicional 
con Asp228 parece que permite  la rotación  libre de  la molécula en el sitio activo. Aunque el 
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RMSD de  las poses mostradas  aquí  es de 3,3 Å  aproximadamente,  el patrón de  enlaces de 
hidrógeno se reproduce adecuadamente. 
 
Figura 4.7. Superimposición de la posición de mayor ranking para 3BUG en h.Charmm (celeste) con  la 
estructura cristalográfica (verde). Se indican los enlaces de hidrógeno en ambas estructuras. 
La ausencia de motivos de enlace de hidrógeno de anclaje es más evidente en el ligando 2ZJK, 






Figura 4.8. Ligando 2ZJK enlazado covalentemente con la enzima mutada en la posición 72. 
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residuo 72 del  flap, originalmente una  treonina mutado a cisteína, como se puede ver en  la 
Figura 4.8. La presencia de este enlace es importante para la generación de la conformación de 
ligando observada experimentalmente.  Llevar a  cabo  simulaciones de acoplamiento  sin este 
enlace presente reduce drásticamente el rendimiento de acoplamiento para este ligando. 
Por  otra  parte,  el  incluir moléculas  de  agua  ubicadas  en  el  sitio  activo  en  las  estructuras 
cristalográficas puede ayudar a mejorar los resultados de autoacoplamiento.138 La revisión de 
las  estructuras  cristalinas  de  los  complejos  BACE‐inhibidor  indica  que  para  algunas  de  ellas 











Figura 4.9.- Posición de la molécula de agua en el sitio activo del complejo 3BRA. 
 




Aún  así,  existen  otras  alternativas  que  favorecen  un  posicionamiento  "correcto"  en  el 
acoplamiento. Así por ejemplo, para 3BUH se observan mejores  resultados de acoplamiento 





compuestos  mencionados  pero  presente  en  3BUH  reduce  la  flexibilidad  conformacional 
mediante  colisiones  estéricas  que  orientan  la  molécula  hacia  una  posición  cercana  a  la 
observada experimentalmente. 
Tabla 4.5.- Número de poses adicionales con RMS < 1.5 Å (de un total de 25) que resultan en el 





Protonación de la proteína 
pH 4.5 pH 7.4 No CPI 
Neutro 
ChemScore 0 2 1 
GoldScore 0 0 1 
ChemPLP 0 0 0 
Protonado 
ChemScore 1 0 1 
GoldScore 0 0 1 
ChemPLP 0 0 0 
 
Nuestros  resultados  indican que el mejor enriquecimiento de acoplamiento  se obtiene a pH 
7.4, en línea con el hecho que las estructuras originales se obtuvieron a pH neutro. Aún así, las 
afinidades de enlace  listadas en  la Tabla 4.1  (obtenidas por FRET o SPR) se obtuvieron al pH 
óptimo de actividad de la enzima, a pH ácido. Hemos investigado si nuestro protocolo es capaz 
de predecir el orden de afinidad de nuestros  ligandos, al menos para aquellos en  los que se 
dispone de  información de IC50 a pH 4.5. La Tabla 4.6 resume  los resultados, que  indican que 
nuestro  algoritmo  es  capaz  solamente  de  obtener  una  distribución  aproximada  en  la  que 
aquellos  ligandos  con mejor  afinidad  se  encuentran  en  el  grupo  de  energía más  favorable, 










ChemScore GoldScore ChemPLP 
2VA7 -35.07 -33.92 -33.92 0.2 
2VA6 -29.01 -29.01 -29.01 0.38 
3MSL -30.80 -29.36 -30.63 7 
3MSK -23.17 -20.48 -21.07 26 
2OHS -29.81 -23.90 -24.05 40 
2OHP -8.58 -6.01 -13.58 94 
2VA5 -28.09 -29.53 -26.03 130 
2OHM -16.14 -14.91 -16.36 310 
2OHN -18.06 -14.87 -16.60 ~ 500 
3MSJ -15.01 -12.10 -14.35 770 







caso  de BACE‐1,  tiene  en  cuenta  de manera  directa  el  efecto  del  pH  en  el  rendimiento  de 
auto‐acoplamiento en un conjunto de fragmentos precursores de inhibidor. 
Los valores de pKa de  los  residuos ácidos de BACE‐1 en  los complejos se desvían de manera 
sustancial de  los estimados para compuestos modelos en disolución y muestran dependencia 














así,  la mayoría de ensayos de enlace de  inhibidor con BACE‐1 se  llevan a cabo a pH ácido, el 
óptimo para la actividad de la enzima. Los resultados preliminares indican que a pH ácido (4.5) 
nuestro protocolo agrupa  los mejores  inhibidores observados experimentalmente en  la parte 
superior de la clasificación, y los peores en la parte inferior.  
Nuestros cálculos en BACE‐1 ligada a fragmentos indican que a pH 4.5 el estado de carga de la 
díada más prevalente  es  el monoprotonado,  con  el protón ubicado  en Asp32. De  cualquier 
modo,  como  muestra  la  Tabla  4.2  y  los  resultados  del  capítulo  anterior,81  existen  otras 
posibilidades. Por ello, una opción capaz de enriquecer los resultados de salida podría basarse 
en  simulaciones  de  acoplamiento  del  conjunto  con  un  set  de  proteínas  que  contienen  los 
estados de protonación más  comúnmente predichos para  la díada aspártica  catalítica y que 
incluyan el estado de protonación de  los demás  residuos a pH 4.5. Este barrido de poses se 
llevaría a cabo con protocolos basados en mecánica molecular para permitir  la flexibilidad de 
los  residuos  del  sitio  activo  (como  las  restricciones  armónicas  empleadas  en  la  técnica  de 
reevaluación de h.Charmm), lo que a su ver incrementaría la frecuencia de éxito. 
Finalmente,  hemos  encontrado  una  posible  explicación  para  el  pobre  rendimiento  de 





















4.6.‐ Anexo. Tabla 4.7.a.- Valores de pKa de los residuos ácidos de la proteína. Inhibidores neutros. 
Residuo 2OF0 2OHK 2OHL 2OHM 2OHN 2OHP 2OHS 2VA5 2VA6 2VA7 2ZJK 3BRA 
ASP4 4.7 4.5 4.7 4.4 4.5 3.9 4.0 4.3 4.8 4.6 3.9 3.7 
ASP32 8.6 8.8 8.3 6.6 6.4 9.5 7.3 8.7 8.4 8.8 6.2 6.5 
ASP62 3.1 3.1 3.2 3.1 3.1 3.1 3.4 3.1 3.2 3.1 3.3 2.8 
ASP83 4.8 4.8 4.7 4.2 3.8 4.8 4.8 4.4 4.4 4.4 4.1 4.5 
ASP106 3.0 3.2 3.1 3.0 3.1 3.3 3.1 3.2 3.0 2.8 3.3 2.8 
ASP130 3.2 3.6 3.2 3.3 3.4 3.2 3.3 3.2 3.5 3.4 3.5 3.4 
ASP131 3.6 3.4 3.6 3.4 3.4 3.5 3.4 3.5 3.4 3.5 3.4 3.5 
ASP138 3.5 3.5 3.4 3.4 3.5 3.5 3.9 3.5 3.5 3.4 3.4 3.3 
ASP180 3.6 3.8 3.9 3.6 3.7 3.9 3.5 3.8 3.6 3.2 3.4 3.5 
ASP212 2.5 2.7 2.7 2.7 2.3 2.8 2.4 2.7 2.2 2.6 2.6 2.6 
ASP216 3.5 3.2 3.5 3.5 3.5 3.3 3.2 3.0 3.3 3.1 3.2 3.2 
ASP223 3.7 3.7 3.5 3.8 3.6 3.7 3.4 3.8 3.6 3.5 3.5 3.3 
ASP228 6.4 5.1 5.7 8.1 4.5 5.9 7.8 5.3 5.8 5.8 4.8 4.7 
ASP259 3.1 3.0 3.0 3.0 2.9 3.0 3.1 3.0 3.1 3.0 3.1 3.0 
ASP311 4.1 4.1 3.8 3.7 3.9 4.1 3.6 3.5 3.5 3.4 3.7 3.9 
ASP317 4.0 3.9 4.0 4.0 3.9 4.0 3.9 3.8 4.5 4.3 4.1 3.8 
ASP318 4.5 4.7 4.6 4.5 4.9 4.7 4.5 4.5 4.4 4.4 4.8 4.7 
ASP346 4.3 4.3 4.4 4.2 4.0 4.4 3.8 4.0 3.9 4.4 4.4 3.7 
ASP363 3.1 3.9 3.1 3.0 3.6 4.0 3.7 3.3 3.4 3.3 3.7 3.7 
ASP378 3.9 3.9 3.9 3.8 3.9 3.9 3.9 4.0 3.8 3.9 3.9 3.7 
ASP381 3.7 3.9 3.8 4.1 3.6 3.7 3.6 3.8 3.9 3.6 3.8 3.7 
GLU1 3.6 4.7 4.4 3.4 4.5 4.8 3.5 3.6 4.5 4.4 3.2 4.4 
GLU17 4.3 4.2 4.3 4.3 4.3 4.4 4.3 4.4 4.2 4.2 4.1 4.4 
GLU77 4.7 4.8 5.1 4.8 5.0 4.9 4.6 4.5 5.1 5.4 4.8 4.8 
GLU79 3.9 4.0 4.1 4.3 4.0 4.0 5.6 4.2 4.0 3.9 4.1 4.0 
GLU104 3.6 3.5 3.5 3.4 3.5 3.4 3.4 3.5 3.5 3.7 4.3 4.2 
GLU116 5.1 5.9 4.8 4.6 4.9 5.0 5.2 4.8 5.2 5.3 5.8 5.4 
GLU125 4.7 4.3 4.3 4.3 4.8 4.3 4.6 4.5 4.4 4.4 4.2 4.4 
GLU134 4.7 5.1 4.7 5.9 5.0 5.1 5.5 6.0 5.3 5.1 5.3 5.1 
GLU165 4.9 5.0 4.9 5.0 4.9 4.9 4.7 5.0 5.0 5.0 5.0 4.9 
GLU196 3.9 3.9 4.0 4.1 4.0 3.9 4.1 4.1 4.0 3.8 4.3 3.9 
GLU200 5.6 5.8 5.6 5.8 5.6 5.9 5.7 5.5 5.8 5.7 5.5 5.8 
GLU207 5.1 5.3 5.6 5.4 4.5 5.1 5.2 5.4 4.8 4.5 4.5 4.6 
GLU219 4.5 4.6 4.5 4.4 4.7 4.8 4.8 4.9 4.6 4.6 4.4 5.9 
GLU242 4.3 4.2 4.1 4.0 4.0 3.9 4.4 3.9 4.0 4.1 4.0 4.0 
GLU255 5.1 5.1 5.2 5.2 4.9 4.9 5.5 5.1 5.0 5.2 5.3 5.3 
GLU265 4.5 4.5 4.5 4.4 4.5 4.4 4.5 4.5 4.4 4.5 4.4 4.3 
GLU290 4.7 4.7 4.7 4.8 4.7 4.7 4.7 4.8 4.8 4.7 4.6 4.6 
GLU310 4.8 5.4 4.7 5.4 6.0 5.1 5.9 5.5 4.6 5.2 5.0 5.2 
GLU339 7.0 6.7 6.5 6.6 6.6 6.0 6.5 6.4 6.7 6.9 6.4 6.0 
GLU364 4.4 4.2 4.3 4.3 4.4 4.4 4.6 4.3 4.2 4.3 4.3 4.3 
GLU371 4.4 4.3 4.5 4.3 4.3 4.3 4.0 4.2 4.4 4.4 4.1 4.2 
GLU380 4.6 4.5 4.5 4.4 4.5 4.6 4.5 4.4 4.6 4.2 4.4 4.6 
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Tabla 4.7.a. (cont) 
Residuo 3BUF 3BUG 3BUH 3KMY 3MSJ 3MSK 3MSL 3MSM 3H0B0 3H0BM 3H0BS 
ASP4 3.6 3.7 3.4 4.5 3.9 3.6 3.7 4.4 3.9 3.9 3.9 
ASP32 7.0 6.5 7.0 7.2 9.0 8.4 8.1 8.6 6.8 7.8 7.8 
ASP62 2.8 3.1 2.9 3.0 3.2 3.0 3.0 3.1 3.5 3.5 3.5 
ASP83 4.5 4.5 4.5 4.7 5.0 4.9 4.7 4.6 5.2 5.2 5.2 
ASP106 2.8 2.9 2.8 2.9 3.1 3.1 3.2 3.0 2.8 2.8 2.8 
ASP130 3.3 3.4 3.3 3.3 3.3 3.1 3.3 3.5 3.7 3.7 3.7 
ASP131 3.4 3.5 3.4 3.4 3.6 3.5 3.5 3.4 3.6 3.6 3.6 
ASP138 3.3 3.4 3.3 3.8 3.4 3.4 3.5 3.5 3.5 3.5 3.5 
ASP180 3.4 3.5 3.5 3.5 3.6 3.4 3.5 3.4 3.6 3.6 3.6 
ASP212 2.7 2.7 2.7 2.7 2.5 2.6 2.5 2.7 2.9 2.9 2.9 
ASP216 3.2 3.2 3.3 3.3 3.3 3.3 3.2 3.4 3.0 3.0 3.0 
ASP223 3.3 3.1 3.2 3.4 3.4 3.5 3.6 3.5 3.3 3.3 3.3 
ASP228 4.7 5.1 5.0 8.4 6.7 6.0 6.0 6.0 7.0 6.9 6.7 
ASP259 3.0 3.0 3.0 2.9 3.1 2.9 3.1 2.9 3.0 3.0 3.0 
ASP311 3.3 3.7 3.8 3.2 3.7 3.2 3.4 3.4 3.4 3.4 3.4 
ASP317 4.2 3.9 3.9 4.6 4.4 4.1 3.9 3.6 4.4 4.4 4.4 
ASP318 5.1 5.5 5.2 4.6 4.6 4.6 4.7 4.5 4.9 4.9 4.8 
ASP346 3.9 3.9 3.9 4.4 4.5 4.1 3.6 3.9 4.4 4.4 4.4 
ASP363 4.2 4.3 3.3 3.3 3.5 3.6 3.3 3.4 3.5 3.5 3.5 
ASP378 3.7 3.8 3.8 3.9 3.8 3.9 3.9 3.8 4.0 4.0 4.0 
ASP381 3.7 3.8 3.7 4.0 3.7 3.5 4.0 3.8 3.5 3.5 3.5 
GLU1 3.0 3.0 2.9 4.2 2.9 4.3 3.4 3.4 3.4 3.4 3.4 
GLU17 4.3 4.3 4.1 4.2 6.4 4.1 4.3 4.0 4.2 4.2 4.2 
GLU77 4.8 4.7 4.8 5.1 4.5 5.3 4.8 4.8 4.3 4.3 4.3 
GLU79 4.0 3.8 4.0 4.4 4.2 4.0 5.2 4.0 5.4 5.3 5.3 
GLU104 4.2 4.1 4.1 4.3 4.2 3.9 3.7 3.6 4.2 4.2 4.2 
GLU116 5.3 5.9 6.1 6.0 6.2 5.7 5.2 6.2 5.9 5.9 5.9 
GLU125 4.4 4.5 4.5 4.5 4.0 4.4 4.3 4.7 4.4 4.4 4.4 
GLU134 5.2 5.0 5.2 5.4 5.3 5.3 5.1 5.1 4.5 4.5 4.5 
GLU165 4.8 4.7 4.7 4.7 4.6 4.7 4.8 4.6 5.0 5.0 5.0 
GLU196 4.0 4.0 4.0 3.9 4.0 3.9 4.2 4.2 4.2 4.2 4.2 
GLU200 5.5 5.8 5.7 5.4 5.7 5.5 5.4 5.5 5.6 5.6 5.6 
GLU207 4.6 4.8 4.9 4.6 4.7 5.0 5.1 5.4 5.0 5.0 5.0 
GLU219 6.0 5.7 6.2 4.2 4.5 4.5 4.5 4.7 4.8 4.8 4.8 
GLU242 4.1 4.2 4.1 4.0 4.3 4.0 4.2 3.9 4.6 4.6 4.6 
GLU255 5.1 5.1 5.6 5.0 5.5 5.1 5.2 5.4 5.7 5.7 5.7 
GLU265 4.3 4.3 4.4 4.2 4.4 4.4 4.5 4.5 4.4 4.3 4.3 
GLU290 4.6 4.7 4.6 4.8 4.7 4.7 4.6 4.7 5.1 5.1 5.1 
GLU310 5.1 4.9 5.0 4.8 5.0 4.9 3.4 5.0 5.1 5.1 5.1 
GLU339 6.0 6.2 6.2 6.7 7.0 6.4 6.0 5.8 6.4 6.4 6.4 
GLU364 4.4 4.5 4.4 4.6 4.6 4.5 4.5 4.4 4.4 4.4 4.4 
GLU371 4.2 4.0 4.2 4.3 4.2 4.0 4.4 4.0 4.1 4.1 4.1 
GLU380 4.6 4.6 4.6 4.6 4.8 4.4 4.6 4.4 4.6 4.6 4.6 
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Tabla 4.7.b.- Valores de pKa de los residuos ácidos de la proteína. Inhibidores protonados. 
Residuo 2OF0 2OHK 2OHL 2OHM 2OHN 2OHP 2OHS 2VA5 2VA6 2VA7 2ZJK 3BRA 
ASP4 4.7 4.6 4.7 4.4 4.5 3.9 4.0 4.3 4.8 4.5 3.9 3.7 
ASP32 6.4 4.0 3.5 5.2 5.9 5.7 7.2 5.7 5.9 6.1 6.1 4.2 
ASP62 3.1 3.1 3.2 3.1 3.1 3.1 3.4 3.1 3.2 3.1 3.3 2.8 
ASP83 4.8 4.7 4.7 4.2 3.8 4.8 4.8 4.4 4.4 4.4 4.1 4.5 
ASP106 2.9 3.2 3.0 3.0 3.1 3.2 3.1 3.1 2.9 2.7 3.3 2.7 
ASP130 3.2 3.6 3.2 3.3 3.4 3.2 3.3 3.2 3.5 3.3 3.5 3.4 
ASP131 3.5 3.4 3.5 3.4 3.4 3.5 3.4 3.5 3.4 3.5 3.4 3.4 
ASP138 3.4 3.4 3.4 3.4 3.5 3.4 3.9 3.5 3.4 3.4 3.4 3.3 
ASP180 3.6 3.8 4.0 3.6 3.7 3.9 3.5 3.8 3.6 3.1 3.4 3.5 
ASP212 2.5 2.7 2.7 2.6 2.3 2.8 2.4 2.7 2.2 2.6 2.6 2.6 
ASP216 3.5 3.2 3.5 3.5 3.5 3.3 3.2 3.0 3.3 3.1 3.2 3.2 
ASP223 3.6 3.7 3.5 3.8 3.6 3.6 3.4 3.8 3.5 3.5 3.5 3.2 
ASP228 4.2 4.3 6.0 4.4 2.9 5.3 4.3 4.1 3.8 3.9 4.6 5.2 
ASP259 3.1 3.0 3.0 3.0 2.9 3.0 3.1 3.0 3.1 3.0 3.1 3.0 
ASP311 4.1 4.1 3.8 3.6 3.9 4.1 3.6 3.5 3.5 3.4 3.7 3.9 
ASP317 4.0 3.9 4.0 4.0 3.9 4.0 3.9 3.8 4.5 4.3 4.1 3.8 
ASP318 4.5 4.7 4.6 4.5 4.9 4.7 4.5 4.5 4.4 4.4 4.7 4.7 
ASP346 4.3 4.3 4.4 4.2 4.1 4.4 3.8 3.9 3.9 4.4 4.4 3.6 
ASP363 3.1 3.9 3.1 3.0 3.6 4.0 3.7 3.3 3.4 3.3 3.6 3.7 
ASP378 3.9 3.9 3.9 3.8 3.9 3.9 3.9 4.0 3.8 3.9 3.9 3.7 
ASP381 3.7 3.9 3.8 4.1 3.6 3.7 3.6 3.8 3.9 3.6 3.8 3.7 
GLU1 3.6 4.7 4.4 3.4 4.5 4.8 3.5 3.6 4.5 4.4 3.2 4.4 
GLU17 4.3 4.2 4.3 4.3 4.3 4.4 4.3 4.4 4.2 4.2 4.1 4.4 
GLU77 4.7 4.8 5.1 4.8 5.0 4.9 4.6 4.4 5.1 5.4 4.8 4.7 
GLU79 3.9 4.0 4.1 4.3 4.0 4.0 5.6 4.2 3.9 3.9 4.1 4.0 
GLU104 3.6 3.5 3.5 3.4 3.5 3.3 3.4 3.5 3.5 3.7 4.3 4.2 
GLU116 5.1 5.9 4.8 4.6 4.9 4.9 5.2 4.8 5.2 5.3 5.8 5.3 
GLU125 4.6 4.3 4.3 4.3 4.8 4.3 4.6 4.5 4.4 4.4 4.2 4.4 
GLU134 4.7 5.1 4.7 5.9 5.0 5.1 5.5 6.0 5.3 5.1 5.3 5.1 
GLU165 4.9 5.0 4.9 5.0 4.9 4.9 4.7 5.0 5.0 5.0 5.0 4.9 
GLU196 3.9 3.9 4.0 4.1 4.0 3.9 4.1 4.1 4.0 3.8 4.3 3.9 
GLU200 5.6 5.8 5.6 5.9 5.6 5.9 5.7 5.5 5.8 5.7 5.5 5.8 
GLU207 5.1 5.3 5.6 5.4 4.5 5.1 5.2 5.4 4.8 4.5 4.5 4.6 
GLU219 4.5 4.6 4.5 4.4 4.7 4.8 4.7 4.9 4.6 4.6 4.4 5.9 
GLU242 4.3 4.2 4.0 4.0 4.0 3.9 4.4 3.9 4.0 4.1 4.0 4.0 
GLU255 5.1 5.1 5.2 5.2 4.9 4.9 5.5 5.1 5.0 5.2 5.3 5.3 
GLU265 4.5 4.5 4.4 4.4 4.5 4.4 4.5 4.5 4.4 4.5 4.3 4.3 
GLU290 4.7 4.7 4.7 4.8 4.7 4.7 4.7 4.8 4.8 4.7 4.6 4.6 
GLU310 4.8 5.4 4.7 5.4 6.0 5.0 5.9 5.5 4.6 5.2 4.9 5.2 
GLU339 7.0 6.7 6.5 6.6 6.6 6.0 6.5 6.4 6.7 6.9 6.3 6.0 
GLU364 4.4 4.2 4.3 4.3 4.4 4.4 4.6 4.2 4.2 4.3 4.3 4.3 
GLU371 4.4 4.3 4.5 4.3 4.3 4.3 4.0 4.2 4.4 4.4 4.1 4.2 
GLU380 4.6 4.5 4.5 4.4 4.5 4.6 4.5 4.4 4.6 4.2 4.4 4.6 
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Tabla 4.7.b. (cont) 
Residuo 3BUF 3BUG 3BUH 3KMY 3MSJ 3MSK 3MSL 3MSM 3H0B0 3H0BM 3H0BS 
ASP4 3.6 3.7 3.4 4.5 3.9 3.6 3.7 4.3 3.9 3.9 3.9 
ASP32 4.5 4.4 4.5 7.2 6.2 5.3 5.6 5.6 5.2 5.2 4.6 
ASP62 2.8 3.1 2.9 3.0 3.2 3.0 3.0 3.1 3.5 3.5 3.5 
ASP83 4.5 4.5 4.5 4.7 5.0 4.9 4.7 4.6 5.2 5.2 5.3 
ASP106 2.7 2.8 2.7 2.9 3.0 3.0 3.2 2.9 2.7 2.7 2.7 
ASP130 3.3 3.3 3.3 3.3 3.3 3.1 3.3 3.4 3.7 3.7 3.7 
ASP131 3.4 3.5 3.4 3.4 3.6 3.4 3.4 3.4 3.5 3.5 3.5 
ASP138 3.3 3.4 3.3 3.7 3.4 3.4 3.5 3.5 3.4 3.4 3.4 
ASP180 3.4 3.5 3.4 3.5 3.6 3.4 3.5 3.4 3.6 3.6 3.6 
ASP212 2.7 2.7 2.7 2.7 2.5 2.6 2.5 2.7 2.9 2.9 2.9 
ASP216 3.2 3.2 3.3 3.3 3.3 3.3 3.1 3.4 3.0 3.0 3.0 
ASP223 3.2 3.0 3.1 3.4 3.3 3.5 3.5 3.5 3.2 3.2 3.2 
ASP228 5.4 5.7 5.7 3.7 5.0 4.3 3.9 3.9 5.6 5.7 5.3 
ASP259 3.0 3.0 3.0 2.9 3.1 2.9 3.1 2.9 3.0 3.0 3.0 
ASP311 3.3 3.7 3.8 3.2 3.7 3.2 3.4 3.4 3.4 3.4 3.4 
ASP317 4.2 3.9 3.9 4.6 4.4 4.1 3.9 3.6 4.4 4.4 4.4 
ASP318 5.1 5.5 5.2 4.6 4.6 4.6 4.7 4.5 4.9 4.9 4.9 
ASP346 3.8 3.8 3.9 4.4 4.5 4.1 3.6 3.9 4.4 4.4 4.4 
ASP363 4.2 4.3 3.3 3.3 3.5 3.6 3.3 3.4 3.5 3.5 3.5 
ASP378 3.7 3.8 3.8 3.9 3.8 3.9 3.9 3.8 4.0 4.0 4.0 
ASP381 3.7 3.8 3.7 4.0 3.7 3.4 4.0 3.8 3.5 3.5 3.5 
GLU1 3.0 3.0 2.9 4.2 2.9 4.3 3.4 3.4 3.4 3.4 3.4 
GLU17 4.3 4.2 4.1 4.2 6.4 4.1 4.3 4.0 4.2 4.2 4.2 
GLU77 4.8 4.7 4.8 5.1 4.5 5.3 4.8 4.8 4.3 4.2 4.2 
GLU79 4.0 3.8 3.9 4.4 4.2 4.0 5.2 4.0 5.4 5.4 5.4 
GLU104 4.2 4.1 4.1 4.3 4.2 3.9 3.6 3.5 4.1 4.1 4.2 
GLU116 5.3 5.9 6.1 6.0 6.2 5.7 5.2 6.2 6.0 6.0 6.0 
GLU125 4.4 4.4 4.4 4.5 4.0 4.4 4.3 4.7 4.4 4.4 4.4 
GLU134 5.2 5.0 5.2 5.4 5.2 5.3 5.1 5.1 4.5 4.5 4.5 
GLU165 4.8 4.7 4.7 4.7 4.6 4.7 4.8 4.6 5.0 5.0 5.0 
GLU196 3.9 3.9 4.0 3.9 4.0 3.9 4.2 4.2 4.2 4.2 4.2 
GLU200 5.4 5.8 5.7 5.4 5.7 5.5 5.4 5.5 5.6 5.6 5.6 
GLU207 4.6 4.8 4.9 4.6 4.7 5.0 5.1 5.4 5.0 5.0 5.0 
GLU219 6.0 5.7 6.2 4.2 4.4 4.5 4.5 4.7 4.8 4.8 4.8 
GLU242 4.1 4.2 4.1 4.0 4.3 4.0 4.2 3.9 4.6 4.6 4.6 
GLU255 5.1 5.1 5.6 5.0 5.5 5.1 5.2 5.4 5.7 5.7 5.7 
GLU265 4.3 4.3 4.4 4.2 4.4 4.4 4.5 4.5 4.3 4.3 4.3 
GLU290 4.6 4.7 4.6 4.8 4.6 4.7 4.6 4.7 5.1 5.1 5.1 
GLU310 5.1 4.9 5.0 4.8 5.0 4.9 3.4 5.0 5.1 5.1 5.1 
GLU339 6.0 6.1 6.2 6.7 7.0 6.4 6.1 5.8 6.4 6.4 6.4 
GLU364 4.4 4.5 4.4 4.6 4.6 4.5 4.5 4.4 4.4 4.4 4.4 
GLU371 4.2 4.0 4.2 4.3 4.2 4.0 4.4 4.0 4.1 4.1 4.1 





















unir  con  buena  afinidad  a  la mayoría  de  dianas  farmacológicas  de  la  cascada  amiloide.  El 
hallazgo de  compuestos multidiana  tendría muchos beneficios, entre ellos  la  redución de  la 
toxicidad presente en los tratamientos multifármaco que se necesitarían para atacar todas las 
dianas de la cascada amiloide. Sin embargo, el descubrimiento de compuestos multidiana en el 





Como  se  ha  visto  en  el  capítulo  3,  ya  habíamos  propuesto  un  farmacóforo  altamente 
simplificado para candidatos a inhibidor que no sólo tengan una buena afinidad por BACE‐1 a 
nivel  enzimático  sino  también  a  nivel  celular.  Esta  estructura  básica  se  derivó  de  nuestros 
estudios del efecto del pH  sobre  la afinidad de  inhibidores de BACE‐1, en  los que habíamos 
observado que aquellos ligandos que poseen buenas afinidades a ambos valores de pH (ácido y 
neutro)  son  los que presentan buena actividad celular.81 Una posible explicación  se halla en 
que el inhibidor se une a BACE‐1 en la superficie de la membrana celular, en un entorno de pH 
neutro,  para  después  ser  cotransportado  con  la  enzima  hasta  los  endosomas,  cuyo  pH  se 
encuentra en el rango ácido al cual la actividad catalítica es óptima para esta enzima. Para que 
este proceso de cotransporte e internalización de ligando sea efectivo, la afinidad de éste por 
la  enzima debería  ser  igualmente  elevada  a  ambos  valores de pH. Nuestros  resultados  (ver 
Capítulo  3)  indican  que  esto  se  logra  cuando  los  candidatos  a  inhibidor  inducen  el mismo 
estado  de  protonación  en  la  díada  aspártica  a  pH  neutro  y  ácido,  como  es  el  caso  de  las 





Figura. 5.1.- Contactos del motivo hidroxietilamina del inhibidor indicado en la parte derecha de la figura 




Esquema 5.1.- Dos posibles configuraciones del farmacóforo propuesto para la interacción multidiana.   
 
Un  análisis  visual  del modo  de  enlace  de  los  inhibidores  de  las  otras  dianas  de  la  cascada 
amiloide  indica  que  un  motivo  común  de  interacción  ligando  proteína  en  AChE  y 
péptido‐ligando en los péptidos amiloides son los contactos de apilamiento π entre las cadenas 
laterales aromáticas de las dianas y los fragmentos aromáticos de los ligandos. La Figura 5.2 (ya 
introducida  en  el  capítulo  1)  detalla  las  interacciones  de  un  análogo  de  la  bis‐tarcrina  con 
algunos residuos aromáticos de AChE en el sitio aniónico catalítico (Catalytic Anionic Site, CAS) 
y  periférico  (Peripheral  Anionic  Site,  PAS),  obtenida  de  la  estructura  cristalográfica  del 
complejo.  Como muestra  dicha  figura,  para  alcanzar  ambos  sitios  de  enlace  con  un  único 




Figura 5.2.- Detalle de las interacciones del derivado de la bis-tacrina indicado en su complejo con AChE. 







 Por  lo  tanto,  un  posible  farmacóforo multidiana  para  las  dianas  estudiadas  de  la  cascada 
amiloide contendría un grupo hidroxiamina para su interacción con la díada aspártica catalítica 









Figura 5.3.- Modelización del apilamiento π (face-to-face y face-to-edge) del residuo Phe19 del péptido 




Hemos  llevado a cabo  la búsqueda de candidatos viables para  la  inhibición de  las tres dianas 
escogidas, que cumplan con  las premisas del farmacóforo estipuladas en el apartado anterior 
(Esquema  5.1),  a  través  de  una  extensiva  búsqueda  en  las  bases  de  datos  de  ZINC140  y 
SciFinder,141 así como  la bibliografía. Para afinar  la búsqueda entre  los  resultados de SMILES 
(Simplified Molecular  Input  Line Entry  System)142 obtenidos mediante ZINC, empleamos una 
rutina  escrita  en  el  lenguaje  de  programación  AWK,  capaz  de  identificar  el  fragmento 
hidroxiamina del farmacóforo entre los candidatos de la base de datos ZINC (ver anexo 5.8 al 
final del capítulo). Otro factor a considerar en compuestos cabeza de serie para el tratamiento 
de  la EA es  la  capacidad de  los  candidatos de  atravesar  la barrera hematoencefálica  (como 








Hemos  llevado  a  cabo  los  cálculos  de  acoplamiento  con  la  suite  de módulos  residentes  en 
GOLD128 (Genetic Optimisation for Ligand Docking), descrita en el capitulo anterior. Para cada 
simulación de acoplamiento empleamos un mínimo de 100.000 generaciones y un máximo de 
1.250.000,  independientemente  de  la  proteína  estudiada.  Permitimos  la  inversión  de  los 
centros de amina sp3 (conocido como efecto "paraguas", que permite el tránsito del par  libre 












tres  técnicas  de  evaluación  residentes  de  GOLD:  ChemScore,129,130  GoldScore131,132  y 
ChemPLP,133 descritas en el capítulo 4. Las cadenas  laterales de  los residuos  localizados en el  
sitio activo de  las enzimas empleadas permanecen fijas. Además, el acoplamiento a cada tipo 




Como  hemos  explicado  en  el  capítulo  1,  el  escrutinio  de  las  estructuras  BACE‐1‐inhibidor 
depositadas en el PDB  indican que  la horquilla β (o flap), formada por  los residuos 69 a 75 y 
encargada de cubrir el sitio activo de BACE‐1, presenta cierta plasticidad conformacional que 
depende  de  la  naturaleza  del  inhibidor  unido  a  la  enzima.  Este  flap  se  encuentra  en  una 
posición próxima a la díada aspártica de la enzima cuando ésta se encuentra cerrada durante 
el proceso catalítico. Existen inhibidores diseñados para evitar que el flap adopte esta posición, 











Figura 5.4.- Superimposición de las estructuras cristalográficas de BACE-1 con los códigos PDB 1FKN 





Como  primer  paso  de  nuestros  cálculos,  añadimos  los  átomos  de  hidrógeno,  excluimos  las 
moléculas  de  agua  y  eliminamos  las  conformaciones  alternativas  de  las  estructuras 
mencionadas  (1FKN,  3KMY  y  1W50), mediante  el  empleo de  los módulos pertinentes  de  la 




La  asignación  inicial  del  estado  de  protonación  de  la  díada  aspártica  se  basa  en  nuestras 
predicciones para BACE‐1  cuando está unida a un  ligando  con  isostero hidroxietilamina  (ver 
capitulo 3). Los resultados de esos estudios indicaban que la díada estará monoprotonada, con 
el  protón  localizado  en  el  oxígeno  interno  de  Asp32.  Para  cada  combinación  de  inhibidor, 
apertura  del flap, y función de evaluación, calculamos un total de 25 poses, que difieren en la 
orientación de  los  inhibidores en el sitio activo de  la enzima y en  la conformación que estos 
inhibidores adoptan. 
Se define como un "hit" de acoplamiento para BACE‐1 una pose de salida en  la que se puede 
observar  contacto  doble  entre  la  díada  catalítica  y  la  unidad  hidroxiamina,  de  acuerdo  al 
esquema de nuestro farmacóforo. Específicamente, se busca una conformación del ligando en 





diez  primeras  poses  para  aquellos  compuestos  que  presentan  un mayor  tamaño  y mayor 
flexibilidad  (carbazoles e  indoles, apartados 5.4  y 5.5),  lo que  supone un mayor número de 
grados  de  libertad,  para  cada  una  de  las  nueve  posibles  combinaciones  de  función  de 
evaluación y apertura del  flap. Las estadísticas de éxito se determinan teniendo en cuenta si 
hay al menos una pose con la definición de hit dada en el intervalo especificado. Los resultados 











capítulo,  la  numeración  de  los  aminoácidos  en  la  cadena  corresponde  a  la  de  la  enzima 
extraída del Torpedo californica. 
Como  se  hizo  anteriormente  con  BACE‐1,  empleamos  Discovery  Studio  para  limpiar  la 
estructura  de  la  proteína  de  conformaciones  alternativas,  retirar  las moléculas  de  agua,  y 
añadir los átomos de hidrógeno. 
Hemos definido el sitio activo como la región  de AChE que contiene los residuos accesibles al 










rígidos,  lo que  reduce sus grados de  libertad  (las cumarinas, apartado 5.3), y  las 10 mejores 
poses cuando  los candidatos presentan mayor  tamaño y  flexibilidad, y por  tanto un número 
más elevado de grados de libertad (carbazoles e indoles, apartados 5.4 y 5.5). Las estadísticas 




las cadenas  laterales de  los sitios catalítico y periférico con el  ligando, como se muestra en  la 
Fig. 5.2. La disposición de  los residuos Tyr70 y Trp279 en el sitio periférico y de  los residuos 
Trp84  y  Phe330  en  el  sitio  catalítico  es  tal  que  pueden  establecer  una  interacción  de 




alcanzar  ambos  sitios  de  apilamiento  π  a  la  vez,  se  buscará  que  establezca  este  tipo  de 





Como  hemos  explicado  en  la  introducción  de  esta  tesis,  uno  de  los  posibles  objetivos 
terapéuticos a nivel molecular es    la  inhibición de  la agregación de  los fragmentos peptídicos 
Aβ‐42 que conduce a la formación de oligómeros, especies altamente tóxicas a nivel neuronal. 
Estos agregados peptídicos no presentan un único sitio de enlace con los ligandos, al contrario 
que  las  otras  dianas  de  la  cascada  amiloide.  En  lugar  de  ello,  este  tipo  de  diana  presenta 
múltiples sitios de enlace que dependen de la naturaleza del ligando. Así por ejemplo, aquellos 
inhibidores que presentan sustituyentes aromáticos son afines a las regiones del péptido ricas 
en  residuos  aromáticos.  Existen  simulaciones  de  inhibición  de  la  agregación  amiloide  que 
combinan  cálculos  de  acoplamiento  con  simulaciones  de  dinámica molecular.38  En  nuestro 
caso,    hemos  explorado  una  aproximación  desarrollada  en  el  grupo  del  profesor  Caflisch,35 
basada en en análisis de simulaciones largas de DM de un segmento del péptido β‐amiloide en 
presencia de un candidato a ligando. 
Siguiendo  el  protocolo  de  Caflish,  preparamos  una  cadena  peptídica  compuesta  por  los 
residuos que ocupan  las posiciones 12 a 28 de  la cadena del péptido Aβ‐42.35 Se emplea este 
tramo en  lugar de  la  secuencia  completa de  residuos por dos motivos: En primer  lugar,  los 
residuos 12‐28 contienen el  llamado clúster central hidrofóbico  (residuos 17 a 21, secuencia 
LVFFA),  los cuales desempeñan un papel crítico en mediar  interacciones péptido‐inhibidor así 







Llevamos  a  cabo  las  simulaciones  de  dinámica molecular  (DM)  con  el  programa  CHARMM, 
empleando  como  campo  de  fuerzas  para  el  cálculo  PARAM‐19,97  que  únicamente  incluye 




empleado  incluye  los  siguientes  pasos:  en  primer  lugar,  dos  etapas  de  minimización  de 
energía: la primera con 500 pasos de Steepest Descent y la segunda contiene 50000 pasos con 
el  protocolo Conjugate Gradient.  En  estos  cálculos,  el  gradiente  de  tolerancia  fue  de  0.001 
kcal/(mol∙Å2). A continuación se  llevan a cabo  los cálculos de DM que contienen tres etapas: 





ejemplos, cinco, partiendo de coordenadas  iniciales diferentes. Todo este proceso  se  lleva a 
cabo definiendo  las condiciones de  límites periódicos (Periodic Boundary Conditions) con una 
concentración  fija de péptido de 2.5 mM  (una celda cúbica de 87 Å de  lado), empleando un 
integrador de Langevin a baja fricción (coeficiente de 0.15 ps‐1). 
Las coordenadas de cada fotograma de las trayectorias (usadas en el análisis de los cálculos) se 
grabaron  cada  50  ps,  y  las  hemos  empleado  para  el  análisis  de  los  tiempos  de  contacto 
ligando‐péptido y péptido‐péptido. En el primero de estos  cálculos  se evalúa  la  fracción del 
total de la trayectoria en la que al menos un átomo pesado del ligando se encuentra a menos 
de 7.5 Å de distancia de al menos un átomo pesado de  cualquier  residuo del péptido. Para 














Ensayos experimentales de  la  inhibición de BACE‐1. Estos ensayos  se  llevaron a  cabo en  la 
plataforma de screening de fármacos USEF, en los laboratorios del CIMUS de la Universidad de 
Santiago  de  Compostela.  Los  compuestos  se  evaluaron  mediante  un  método  homogéneo 











determinaron  por  regresión  no  lineal.  Todos  los  compuestos  se  probaron  en  un  rango  de 
concentraciones necesarias para una inhibición que oscila desde el 20% hasta el 80%. 
Ensayos experimentales de  la  inhibición de agregación de Aβ‐42. Como en el caso de AChE, 
estos  ensayos  se  llevaron  a  cabo  en  el  grupo de  investigación del profesor A. Carotti de  la 
Universidad de Bari. Los ensayos se llevaron a cabo mediante espectroscopia de fluorescencia 
de  la  Tioflavina  T  (ThT),146  que  emplea  la  variación  en  la  emisión  fluorescente  del  ThT  al 








resolución.  El objetivo era  llevar  a  cabo un  cribado previo de  los  candidatos empleando un 
número reducido de generaciones, para determinar hits preliminares y así reducir el número 
de compuestos a estudiar en detalle a cantidades más manejables. Durante esta primera criba 










realiza  con  la  función de GoldScore. No  se observan hits para ninguna otra  combinación de 
técnica de evaluación y apertura de flap aparte de las indicadas anteriormente, indicando que 
los niveles de consenso para muchas de estas moléculas son bajos. Sólo tres compuestos (2, 5 
y  15)  muestran  un  hit  con  más  de  una  combinación  de  posición  de  flap  y  función  de 
evaluación. 










Tabla 5.1.- Resultados de acoplamiento en BACE-1 de cumarinas. 
 
Candidato R 
Función de evaluacióna 
ChemScore GoldScore ChemPLP 
Abto Med Crdo Abto Med Crdo Abto Med Crdo 
1 
 




(03) -- -- -- 
48.53 




(01) -- -- -- -- -- -- -- -- 
4 
 
-- -- -- -- 49.01 (01) -- -- -- -- 
5 N  
21.69 
(03) -- -- -- 
46.19 




(02) -- -- -- -- -- -- -- -- 
7 
 
-- -- -- -- -- -- -- -- -- 
8 
 
-- -- -- -- -- -- -- -- -- 
9 
 




(03) -- -- -- -- -- -- -- -- 
11 
 
-- -- -- -- -- -- -- -- -- 
12 
 
-- -- -- -- -- -- -- -- -- 
13 
 
-- -- -- -- 51.15 (01) -- -- -- -- 
14 
 




(01) -- -- -- 
52.31 
(01) -- -- -- -- 
16 
 
-- -- -- -- -- -- -- -- -- 
17 
 





Tabla 5.1 (Cont). 
Candidato R 
Función de evaluacióna 
ChemScore GoldScore ChemPLP 
Abto Med Crdo Abto Med Crdo Abto Med Crdo 
18 
 
‐‐  -- -- -- -- -- -- -- -- 
19 
 
-- -- -- -- -- -- -- -- -- 
20 
 
-- -- -- -- -- -- -- -- -- 
21 
 
-- -- -- -- 49.96 (01) -- -- -- -- 
22 
 
-- -- -- -- -- -- -- -- -- 
23 
 
-- -- -- -- 47.03  (01) -- -- -- -- 
24 
 
-- -- -- -- -- -- -- -- -- 
25 
 
-- -- -- -- 48.96 (02) -- -- -- -- 
26   -- -- -- -- -- -- -- -- -- 
27 N
OO   -- -- -- -- -- -- -- -- -- 
aSólo se indican los valores de la salida de las diferentes funciones de evaluación para aquellas 
estructuras que cumplen los requisitos de hit. El número entre paréntesis indica la posición en el ranking 
de la pose para la que se obtuvo resultado de hit. Se indican los resultados para las tres posiciones del 
flap: abierto (Abto), apertura media (Med), y cerrado (Crdo). 
 
 
Figura 5.5.- Pose de los ligandos 5 (verde) y 17 (celeste) en BACE-1 con flap de apertura media, 




Existen una  gran  cantidad de estudios que  indican que diversas  cumarinas  con patrones de 
sustitución variados presentan afinidad por AChE.19 Las 7‐hidroxicumarinas con sustituyentes 
en  la  posición  8  presentan  un  nuevo  tipo  de  sustitución  que  no  ha  sido  estudiada 
anteriormente como  inhibidores de AChE. Como hemos explicado en  la  introducción de esta 
tesis,  los  inhibidores de AChE pueden  servir como parte de  la  terapia colinérgica, que ya ha 
sido  empleada  clínicamente  como  paliativo  en  casos  de  enfermedad  de  Alzheimer  leve  y 
media.147 Además, este tipo de compuestos pueden actuar como  inhibidores de  la formación 
de  fibras amiloides cuando se unen al PAS de esta enzima. Por todo ello, hemos evaluado  la 














respectivamente.  Esto  podría  ser  el  resultado  de  haber  llevado  a  cabo  los  cálculos  de 
acoplamiento  con  las  cadenas  laterales de  los  residuos del  sitio activo  fijos. Una manera de 
mejorar  los resultados  incluiría  flexibilidad en  los cuatro residuos aromáticos claves de AChE 
durante las simulaciones de acoplamiento, para mejorar las interacciones de apilamiento π. 
Como  se  aprecia  en  la  tabla  5.2,  existe  un  número  significativo  de  compuestos  que  no 
presentan  diferencias  pronunciadas  entre  los  valores  de  evaluación  para  el  sitio  aniónico 
catalítico  y  el  sitio  aniónico  periférico,  lo  que  indica  que  estos  ligandos  podrían  tener 
preferencias  similares  por  ambos  sitios  de  enlace.  De  esto  podemos  deducir  que  existen 
probabilidades de encontrar a las cumarinas tanto en el sitio aniónico periférico (PAS), donde 
podrían prevenir que el PAS de AChE  ayude a promover  la agregación Aβ,  como en el  sitio 
aniónico  catalítico  (CAS), donde  tendría un efecto  colinérgico positivo. Sin embargo, existen 




















(01) Candidato R 
ChemPLPa 




































































































































aSólo se indican los valores de la salida de la función de evaluación para aquellas estructuras que 
cumplen los requisitos de hit. El número entre paréntesis indica la posición en el ranking de la pose para 





Figura 5.6.- Modo  de acoplamiento de la primera pose en el ranking del compuesto 5 cuando está unido 
al sitio aniónico catalítico (azul) y en el sitio aniónico periférico (verde), obtenido por nuestras 
simulaciones de acoplamiento.  
 
5.3.3.‐ Estudios de inhibición de agregación a nivel monomérico 
Como  hemos  explicado  en  el  capítulo  de  introducción  de  esta  tesis,  uno  de  los  posibles 
objetivos en el tratamiento de  la enfermedad de Alzheimer es  la prevención de  la formación 
de  agregados  de  péptidos  Aβ‐42.  Se  ha  observado  que  numerosos  ligandos  con  grupos 
aromáticos  tienen  la  capacidad  de  interferir  en  la  agregación  amiloide,35  por  lo  que  las 
cumarinas  estudiadas  podrían  ser  buenos  candidatos  a  inhibidores  de  la  nucleación  de  la  
oligomerización  de Aβ. 5 
Hemos  llevado a  cabo estudios de  simulación de mecánica molecular  con un  conjunto de 7 
derivados de cumarina. Los resultados de esta simulación se recogen en la Tabla 5.3, así como 
en las Figuras 5.6 y 5.7. 
La Tabla 5.3 recoge  la fracción de tiempo de contacto de  los candidatos a  inhibidor  indicados 
con el fragmento del péptido estudiado (ver metodología). En ella se puede observar que  las 
cumarinas  presentan  un  tiempo  de  residencia  similar  al  del  compuesto  de  referencia,  la 
9,10‐antraquinona,  un  ligando  capaz  de  inhibir  la  formación  de  fibrillas  (30%  a  100  µM). 
Únicamente  el  compuesto  17 muestra  una  fracción  de  tiempo  de  contacto marcadamente 
superior. 
Las  Figuras  5.7  y  5.8  recogen  los  resultados  de  contacto  inhibidor‐residuo  y  contacto 
residuo‐residuo, respectivamente. El tiempo de contacto de estos ligandos con cada uno de los 
residuos de  la  cadena peptídica es  similar al que hemos obtenido de  los  cálculos  realizados 





Tabla 5.3.- Valores de fracción de tiempo de contacto de las cumarinas y la referencia  con el péptido 
Aβ12-28. 



















permanecen más  tiempo  en  la  proximidad  de  los  residuos  del  péptido  tuviesen  un mayor 
efecto inhibitorio sobre la formación de horquillas‐ Analisis de la Tabla 5.3 y las Figuras 5.7 y 
5.8 indican que este no es el caso. Por ejemplo, el compuesto  17 posee tiempos de residencia 








































Figura 5.8.- Mapas de tiempos de contacto (dado por la escala de colores)  intra-péptidico en presencia 

























































































































































Figura 5.9.- Imagen extraída de una trayectoria de simulación de dinámica molecular del fragmento 12-28 















Esquema 5.2.- Esquema general de la reacción de Mannich para la síntesis de derivados de cumarina. 
Los compuestos sintetizados se indican en la Tabla 5.4. 
 
5.3.5.‐ Resultados de la evaluación experimental. 
Los  resultados  experimentales  se  recogen  en  la  Tabla  5.4,  que muestra  los  resultados  de 
afinidad para  las dianas de  la  cascada amiloide, BACE‐1 y AChE, así  como  los  resultados del 
ensayo ThT de  inhibición de agregación de  fibrillas. También  se presentan  los  resultados de 
afinidad de los ligandos con butirilcolinesterasa (BuChE).  
Como  se  puede  observar  en  la  Tabla  5.4,  estos  compuestos  presentan  la  afinidad más  alta 
hacia AChE, a nivel micromolar. La afinidad de las cumarinas hacia otras dianas como BACE‐1 y 
agregación es sustancialmente menor, alcanzado únicamente niveles de inhibición milimolar. 
Los  resultados de  la Tabla 5.2  indican que en muchos casos  los  ligandos podrían  tener  igual 









posee  un  CAS  homólogo  al  de  AChE,  pero  su  sitio  periférico  carece  del  par  de  residuos 
aromáticos  que  permiten  el  apilamiento  π  del  ligando.  Por  lo  tanto,  el  hecho  de  que  los 
ligandos se unan a AChE pero no a BuChE (como en el presente caso) podría ser un indicador 
de que los ligandos se unen al AChE en PAS. Como se puede ver en la Tabla 5.4, únicamente 6, 






modifican  los  residuos  clave  de  interacción,  y  para  esos  casos  puede  observarse  cómo  las 
cumarinas  llegan  al  CAS.149  Actualmente  se  están  poniendo  a  punto  ensayos  de 
desplazamiento  de  propidium,  un  ligando  específico  para  el  PAS  de  AChE  con  objeto  de 
corroborar el sitio de unión de nuestras cumarinas.151  
Tabla 5.4.- Valores experimentales de inhibición para el conjunto de cumarinas sintetizadas. 
 
Candidato R 
Ee AChE Hs BuChE Aβ (1-40) BACE 
IC50 (µM) %Inh. @ 10µM %Inh. @ 100µM %Inh. @ 1mM 
5 
 
6.5±0.8 0 20±4 27.91 
6 
 
6.0±0.6 11±1 6±2 23.00 
10 
 
7.9±0.7 0 33±4 23.69 
17 
 
7.7±0.1 0 0 27.07 
25 
 
5.8±1.6 0 0 21.13 
26 
 
7.3±1.1 12±3 5±4 27.26 
27 
 
5.1±1.6 13±4 4±1 21.63 
 
En  relación a  los  resultados del ensayo de ThT para  la  inhibición de  la agregación de Aβ‐40, 
éstos  indican que nuestros  candidatos no  superan  el  35% de  inhibición  de  la  formación de 
fibrillas a nivel de 100 µM. Ese es un nivel similar al observado para  la antraquinona  (33% a 






Como  habíamos  indicado  anteriormente,  los  bucles  del  tipo  giro  beta  (β‐turn)  serían  los 
núcleos  de  la  formación  de  agregados  amiloides.  En  todo  caso,  la  correlación  entre  los 
resultados experimentales y  los observados no es  completa. Por ejemplo, el  compuesto 10, 
que  experimentalmente  presenta  la  mayor  actividad  anti‐agregación,  no  desfavorece  la 
formación de bucle. Esta discrepancia con  los resultados obtenidos en nuestras simulaciones 
puede deberse a que  las medidas experimentales emplean el método de  la Tioflavina T, que 
determina  agregación  de  fibrillas,  mientras  que  nuestros  cálculos  estimán  el  efecto  de 
nuestros ligandos sobre la etapa inicial de oligomerización. Existen estudios146 que indican que 
la  formación de  fibrillas y  la  formación de oligómeros no necesariamente emplean el mismo 
mecanismo de  formación, si bien como habíamos discutido en  la  introducción de  la  tesis  las 
primeras  pueden  actuar  como  repositorios  de  los  segundos.  Por  lo  tanto,  la  formación  de 
oligómeros y  la  formación de  fibrillas, aunque  relacionadas entre  sí, no  son  completamente 






el  dimebon  o  Latrepirdina  (Figura  5.10),  un  fármaco  antihistamínico  que  había  sido 
recientemente  identificado  como  un  compuesto  cabeza  de  serie  para  el  tratamiento  de  la 
enfermedad de Alzheimer, aunque no superó la fase 3 de los estudios clínicos.152 McMillan  y 
colaboradores han  llevado a cabo un estudio de relación estructura‐actividad en variantes de 
dimebon,  y  han  encontrado  que muchos  de  los  compuestos  resultantes,  con  la  estructura 
genérica  X  indicada  en  la  Figura  5.10,  presentan  propiedades  neuroprotectoras  y 
neurogenerativas  en  ratones.153  Sin  embargo,  todavía  no  se  han  identificado  las  dianas 
biomoleculares  cuya  modulación  por  parte  de  estos  compuestos  originan  los  efectos 
terapéuticos descritos. Una posible explicación de la actividad de los compuestos de tipo X es 
que éstos se unan a una o varias de las dianas de la cascada amiloide. Como se puede ver en la 
Figura  5.10,  los  compuestos  de  tipo  X  presentan  varias  de  las  características  estructurales 
necesarias para ser  inhibidores multidiana de  las dianas estudiadas. Por un  lado,  la existencia 
de un grupo hidroxietilamina, presente en nuestro  farmacóforo de BACE‐1,  los convierte en 
candidatos a  inhibidores de BACE‐1. Por otra parte,  los grupos aromáticos  (el carbazol y  los 










Figura 5.10.- Izquierda: Estructura de la Latrepirdina (Dimebon) Derecha: Estructura genérica de los 
derivados de carbazol estudiados por McMillan y col.153 
5.4.1.‐ Resultados de acoplamiento en BACE‐1. 
En un principio,  llevamos a cabo  los estudios  sobre algunos de  los derivados de carbazol de 
estructura genérica  tipo X  (Figura 5.10) que  incluyen un  fragmento de anilina sustituida. Los 
resultados  correspondientes  se  presentan  en  la  Tabla  5.5.  Para  este  tipo  de  compuestos, 










posición orto  (31d) como en posición meta  (32d) son  los que presentan un mayor consenso 
como  posibles  inhibidores  de  BACE‐1.  Estos mejores  resultados  podrían  deberse  al menor 
grado  de  colisiones  estérticas,  dado  que  son  los  candidatos  menos  voluminosos  de  los 
estudiados. De igual modo, nuestros cálculos indican que estos compuestos más pequeños se 
pueden enlazar a BACE‐1 a cualquiera de  los tres  intervalos de apertura de  flap. Además, se 
puede observar como, a excepción de  los compuesto 31e y 32d, no se obtienen hits para  los 
candidatos cuando éstos se encuentran en estado de protonación neutro, lo que coincide con 
nuestros  estudios  previos  que  indican  que  hay  un  enriquecimiento  en  el  número  de  poses 
predichas cuando el ligando se encuentra cargado.81, 154 
En disolución, el pKa del acido  conjugado de  la anilina es 4.87, un  valor muy  cercano al pH 
óptimo  de  la  actividad  de  la  enzima,  al  cual  se  realizan  los  ensayos  de  afinidad  de  los 
inhibidores. Nuestros  estudios  de  autoacoplamiento,  presentados  en  el  capítulo  anterior,154 
indican que el sitio activo provee un entorno polar que favorece la protonación de inhibidores 
titulables,  como  es  el  caso  de  las  anilinas  empleadas  en  el  presente  estudio.  Sin  embargo, 
incluso contando con el efecto del microentorno polar,  la basicidad de  las anilinas puede no 
ser  suficiente para promover el enlace con BACE‐1 en  la  superficie de  la membrana  celular. 










acoplamiento.  Los  resultados obtenidos para  las bencilaminas  sustituidas en orto y meta  se 
presentan  en  las  Tablas  5.6  y 5.7,  respectivamente,  y  se pueden  ver  resumidos de manera 
gráfica en las Figuras 5.12 y 5.13. 
Tabla 5.5.- Resultados de Acoplamiento en BACE-1 para carbazoles con orto- y meta-anilinas. 
 
Candidato 
Función de Evaluacióna 
ChemScore GoldScore ChemPLP 
Abto Med Crdo Abto Med Crdo Abto Med Crdo 
31a 
Neut -- -- -- -- -- -- -- -- -- 
Prot -- -- 37.2 (01/5) -- -- -- -- -- -- 
31b 
Neut -- -- -- -- -- -- -- -- -- 




Neut -- -- -- -- -- -- -- -- -- 




Neut -- -- -- -- -- -- -- -- -- 






(01/1) -- -- 
31e 




(05/3) -- -- -- 
Prot -- -- 43.1 (03/1) 
81.9 
(01/1) -- -- -- -- -- 
31f 
Neut -- -- -- -- -- -- -- -- -- 
Prot -- -- -- 84.7 (01/1) -- -- -- -- -- 
32d 
Neut 28.50 (10/1) -- -- -- 
58.16 
(01/1) -- -- -- -- 




(01/3) -- -- 
71.02 
(03/1) -- -- 
80.80 
(02/1) 
* Sólo se indican los valores de la salida de las diferentes funciones de evaluación para aquellas 
estructuras que cumplen los requisitos de hit. El número entre paréntesis indica la posición en el ranking 
de la pose para la que se obtuvo resultado de hit más alto y el número total de poses que resultan en hit 
entre las 10 primeras. Se indican los resultados para las tres posiciones del flap: abierto (abto), apertura 
media (med), y cerrado (crdo), y los dos estados de protonación del ligando. bContacto inverso al 





Figura 5.11.- Resultados de hit globales para BACE-1 de los derivados de carbazol sustituidos con 
anilinas. 
La comparación entre los resultados de las anilinas (Tabla 5.5) y los de las bencilaminas (Tablas 
5.6  y  5.7)  indica  que  este  último  tipo  de  sustitución  incrementa  la  frecuencia  de  hits.  Se 
observa  también  un mayor  número  total  de  hits  cuando  el  sustituyente  de  la  bencilamina 
protonada  está  en  disposición  orto,  en  comparación  con  la  sustitución meta,  lo  que  indica 
cierta predilección por el primer tipo de sustitución cuando los compuestos interaccionan con 
BACE‐1. Además, se puede ver en  la Tabla 5.7 cómo  los mejores resultados de acoplamiento 
proteína‐ligando, en el  caso de  las bencilaminas,  también  se obtienen  cuando  se  asume un 
estado  protonado  de  la  amina,  un  resultado  que  se muestra  de  acuerdo  con  los  estudios 
previos de autoacoplamiento  realizados en nuestro  laboratorio, descritos en el capítulo 4.154 
Los datos  son menos  claros a  la hora de determinar efectos de  la estereoisomería  sobre  la 
afinidad. Así por ejemplo, para las meta‐bencilaminas con dos bromos (34e y 34f) se favorece 
la  configuración  R,  mientras  que  sus  equivalentes  hidrogenados  (34b  y  34c)  favorecen  la 

























Tabla 5.6.- Resultados de acoplamiento en BACE-1 para carbazoles con orto-bencilaminas protonadas. 
 
Candidato 
Función de Evaluación* 
ChemScore GoldScore ChemPLP 
Abto Med Crdo Abto Med Crdo Abto Med Crdo 
33a 









S 30.86 (04/7) 
31.72b 




(01/1) -- -- 
33b 















(01/1) -- -- -- -- 
33c 























(01/1) -- -- 
33d 






(02/2) -- -- -- -- 
S 33.86 (03/3) 
35.53b 




(01/1) -- -- -- 
33e 
R 35.7 (03/1) -- -- -- -- -- -- -- -- 





























(01/1) -- -- -- 
33g 









(03/1) -- -- -- -- 
33h 





(03/2) -- -- -- -- -- 
aSólo se indican los valores de la salida de las diferentes funciones de evaluación para aquellas 
estructuras que cumplen los requisitos de hit. El número entre paréntesis indica la posición en el ranking 
de la pose para la que se obtuvo resultado de hit más alto y el número total de poses que resultan en hit 
entre las 10 primeras. Se indican los resultados para las tres posiciones del flap: abierto (Abto), apertura 
media (Med), y cerrado (Crdo) y los dos isómeros del ligando. bContacto inverso al mostrado en Esquema 
5.1 (N enlazado con Asp32, O enlazado con Asp228).  
 
Siguiendo con  la comparación de  los  resultados obtenidos para  los compuestos bencilamina 
sustituidos en orto  (Tabla 5.6) con  los resultados obtenidos para sus análogos sustituidos en 
meta (Tabla 5.7), se puede observar en ambos casos un mayor número de resultados de hits 
cuando el  flap está abierto y/o  con apetura media, y apenas  sí  se observan hits  con el  flap 





Tabla 5.7.- Resultados de acoplamiento en BACE-1 para carbazoles con meta-bencilaminas. 
 
Candidato 
Función de Evaluación* 
ChemScore GoldScore ChemPLP 
Abto Med Crdo Abto Med Crdo Abto Med Crdo 
34a 








(06/1) -- -- -- 
S Neut 32.3 (08/2) 
34.3 
(06/1) -- -- -- 
50.6 
(09/1) -- -- -- 
R Prot 33.7 (01/5) -- -- -- -- 
60.8 
(05/2) -- -- 
76.7
(01/1)








(04/1) -- -- -- 
34b 
R Neut -- -- 29.93
b 
(07/1) -- -- -- -- -- -- 
S Neut 36.91 (02/2) -- -- -- -- -- -- -- -- 
R Prot -- -- -- -- -- -- 76.0
b 
(04/1) -- -- 
S Prot -- 37.67 (07/1) -- -- 
64.77 
(01/1) -- -- -- -- 
34c 
R Neut 34.94 (07/1) -- -- 
68.48 
(05/2) -- -- -- -- -- 
S Neut -- -- -- 61.95 (07/3) -- -- -- -- -- 
R Prot 33.27 (07/2) -- -- -- -- -- -- -- -- 




(02/4) -- -- -- -- -- 
34d 
R Neut -- 32.4 (04/2) -- 
54.1
(10/1) -- -- -- -- -- 
S Neut 33.8 (01/2) 
33.2 
(04/1) -- -- -- -- -- -- -- 
R Prot 29.9 (06/3) -- -- -- -- -- -- -- -- 






(10/1) -- -- -- -- 
34e 
R Neut -- -- -- -- -- -- -- -- -- 
S Neut 36.54 (01/1) -- -- 
70.85 
(03/1) -- -- -- -- -- 








(07/1) -- -- -- 
S Prot -- 38.1
b 
(02/1) -- -- 
72.67 
(01/1) -- -- -- -- 
34f 
R Neut 35.23 (04/1) -- -- -- -- -- -- -- -- 
S Neut -- -- -- -- 61.86 (08/1) -- -- -- -- 




(07/1) -- -- 
72.01 
(04/1) -- -- -- 





Tabla 5.7. (Cont). Resultados de Acoplamiento en BACE-1 para carbazoles con meta-bencilaminas. 
Candidato 
Función de Evaluación 
ChemScore GoldScore ChemPLP 
Abto Med Crdo Abto Med Crdo Abto Med Crdo 
34g 
R Neut 38.17 (01/1) -- -- -- -- -- -- -- -- 
S Neut -- -- -- 65.74 (05/1) -- -- -- -- -- 
R Prot 39.41 (01/2) -- -- -- 
66.20 
(03/2) -- -- -- -- 
S Prot -- -- 39.86 (01/1) -- -- -- -- -- -- 
34h 
R Neut -- -- -- -- 64.34
b 
(10/1) -- -- -- -- 
S Neut -- -- -- -- -- -- -- -- -- 
R Prot -- -- -- -- -- -- -- -- -- 
S Prot 34.65 (05/2) 
36.88 
(02/2) -- -- 
67.93 
(02/1) -- -- -- -- 
aSólo se indican los valores de la salida de las diferentes funciones de evaluación para aquellas 
estructuras que cumplen los requisitos de hit. El número entre paréntesis indica la posición en el ranking 
de la pose para la que se obtuvo resultado de hit más alto y el número total de poses que resultan en hit 
entre las 10 primeras. Se indican los resultados para las tres posiciones del flap: abierto (Abto), apertura 
media (Med), y cerrado (Crdo), los dos isómeros del ligando y los dos estados de protonación. bContacto 
inverso al mostrado en Esquema 5.1 (N enlazado con Asp32, O enlazado con Asp228).  
 
 












R S R S R S R S R S R S R S R S











Figura 5.13.- Resultados de hit globales para BACE-1 de los derivados de carbazol sustituidos con 
meta-bencilaminas. 
La Figura 5.14 muestra  la pose obtenida con el valor más alto según  la función de evaluación 
ChemScore  para  el  ligando  (S)‐34b  en  los  estudios  de  acoplamiento  de  los  carbazoles  en 
BACE‐1, cuando el flap que cubre el sitio de enlace con apertura media. Como se observa en 





Figura 5.14.- Disposición del ligando 34b en BACE-1. Los resultados fueron obtenididos con la función 
ChemScore, con la diana proteica con apertura media del flap.  
Los resultados presentados en las Tablas 5.5, 5.6 y 5.7 indican que los análogos de carbazol con 
un fragmento de  bencilamina sustituido en orto presentan un mayor número de hits que sus 
análogos  con un  fragmento de anilina  sustituido en orto,  con  la excepción del par 31e‐33e, 
donde el compuesto de bencilamina con estereoisomería R muestra un único hit comparado 
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bencilaminas  sustituidas  en  meta  se  reducen  sustancialmente  los  hits  con  ChemPLP,  en 





en  las  Tablas  5.8  y  5.9,  y  se  resumen  de  manera  gráfica  en  las  Figuras  5.15  y  5.16, 
respectivamente.  Los  resultados  de  acoplamiento  para  los  compuestos  que  contienen  un 
fragmento de anilina o bencilamina sustituidos en orto se presentan en la Tabla 5.8, mientras 




BACE‐1,  lo que podría  indicar que hay menos obstáctulos a  la hora de encontrar candidatos 
que cumplan los requisitos estructurales para interactuar con AChE. 
Tabla 5.8.- Resultados de Acoplamiento en AChE de los carbazoles. (orto-anilinas y orto-bencilaminas). 
 
Candidato 
Función de Evaluacióna 
Candidato
Función de Evaluacióna 
ChemScore GoldScore ChemPLP ChemScore GoldScore ChemPLP






























































aSólo se indican los valores de la salida de función de evaluación para aquellas estructuras que cumplen 
los requisitos de hit. Los números entre paréntesis indica la posición en el ranking de la pose para la que 
se obtuvo el resultado de hit más alto y el número total de poses que resultan en hit entre las 10 primeras. 
 
Los resultados de los derivados sustituidos en orto (Tabla 5.8) señalan que los compuestos más 
grandes,  como  31e  y  31f  (aquellos  que  poseen  un  sustituyente  benciloxilo  o  feniletoxilo) 
presentan resultados de función de evaluación más elevados. Cuando se comparan  las poses 
de salida de estos compuestos con las de aquellos que presentan un sustituyente metoxilo se 





Tabla 5.9.- Resultados de Acoplamiento en AChE de los carbazoles sustituidos con meta-bencilaminas. 
 
Candidato 
Función de Evaluación* 
ChemScore GoldScore ChemPLP 
34b 





















R Neut 64.13 (01/3) -- 
137.64 
(01/4) 










































S Neut 64.58 (01/3) -- 
135.90 
(01/4) 




















































aSólo se indican los valores de la salida de función de evaluación para aquellas estructuras que cumplen 
los requisitos de hit. Los números entre paréntesis indica la posición en el ranking de la pose para la que 
se obtuvo el resultado de hit más alto y el número total de poses que resultan en hit entre las 10 primeras, 
para los dos enantiómeros y los dos estados de protonación del ligando. 
124 
 
Como muestra  la  Figura  5.17,  los  compuestos  que  no  tienen  un  sustituyente  con  un  anillo 
aromático  (31a,  31d,  33a  y  33d,  donde  R=OMe)  interaccionan  con  el  CAS  mediante 
apilamiento π con los residuos Tyr84 y Phe330, pero no alcanzan el PAS de AChE y por tanto no 
generan  este  tipo  de  interacciones  con  Tyr70  y  Trp279.  Por  este motivo,  ya no  se  llevaron 
estudios de acoplamiento con este tipo de sustitución en las meta‐bencilaminas.  
 
Figura 5.15.- Resultados de hit globales para AChE de los derivados de carbazol sustituidos con 
orto-anilinas y orto-bencilaminas. 
  
Figura 5.16.- Resultados de hit globales para AChE de los derivados de carbazol sustituidos con 
meta-bencilaminas. 
El análisis comparativo del  ranking de unión a AChE de  los enantiómeros de  los compuestos 
34b a 34h,  indica que, como en el caso de BACE‐1, no existe una  tendencia global de unión 
clara  para  ninguno  de  los  centros  estereogénicos.  De  la  misma  manera,  un  análisis 
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Figura 5.17.- Resultado de acoplamiento de 31d en AChE, obtenido con la función ChemPLP. 
La  Figura 5.18 muestra el  resultado de acoplamiento del  compuesto 34b, donde  se pueden 
observar  las  interacciones  de  apilamiento  π  del  ligando  con  residuos  aromáticos  en  ambos 
sitios aniónicos  (catalítico y periférico), además de  las  interacciones de enlace de hidrógeno 
del  fragmento hidroxietilmina con el residuo Tyr121, situado en el canal que conecta ambos 
sitios. Como se puede ver en esta figura, la unidad aromática más voluminosa (el carbazol) se 




Figura 5.18.- Resultado de acoplamiento de 34b en AChE, obtenido con la función ChemScore.  
 
5.4.3.‐ Resultados de simulación de inhibición de agregación. 








un  tiempo  de  residencia  mucho  mayor  que  el  ligando  de  referencia.  De  igual  modo,  los 
compuestos elegidos muestran una mayor preferencia por el clúster de histidinas (H13 y H14) 
en  el  extremo  N‐terminal  del  péptido  y  por  el  clúster  aromático  del  segmento  LVFAA  del 
péptido (Figura 5.19).  







 Figura 5.19.- Valores de fracción de tiempo de contacto de los residuos del péptido Aβ12-28 con los 
derivados de carbazol.  
 
Como muestra  la  Figura 5.20,  todos  los  compuestos estudiados  son  capaces de  interferir  la 
formación del bucle de  contacto  entre  los  residuos  clave HQK  (14‐15‐16)  y VGS  (24‐25‐26). 















































Figura 5.20.- Mapa de contactos de los residuos del péptido Aβ12-28 con el derivado de carbazol 
presente en el medio, según la escala de tiempos por color. No se muestra la diagonal. 
La Figura 5.21 muestra un  fotograma de  la dinámica molecular del péptido en presencia del 
ligando.  Como  se  puede  observar  en  la  figura,  el  grupo  carbazol  interacciona  mediante 
apilamiento π con la cadena lateral del residuo Phe20.  
 
Figura 5.21.- Imagen extraída de una trayectoria de simulación de dinámica molecular del fragmento 
12-28 de la cadena Aβ-42 (celeste) en un entorno con el candidato 31d (verde). 
5.4.4.‐ Sintesis de Carbazoles. 
Para  llevar  a  cabo  la  síntesis  de  los  compuestos  derivados  de  carbazol  se  empleó  el 
procedimiento  indicado  en  El  Esquema  5.3,  que  también  ilustra  las  estructuras  de  los 
compuestos sintetizados. La elección de los compuestos se basó en algunos de los casos por la 













































































de  bencilamina  sustituidos  en  orto muestran  un mayor  consenso  que  sus  equivalentes  en 
meta,  requieren  una  química  más  elaborada  y  cara.  Por  este  motivo,  se  sintetizaron  los 
mejores candidatos con un sustituyente meta‐bencilamina. 
 
Esquema 5.3.- Esquema general de la síntesis de derivados de carbazol y compuestos sintetizados. 
 
5.4.5.‐ Resultados Experimentales. 




de  inhibición  de  agregación  cercano  al  50%  a  concentración  de  100µM.  Por  otra  parte,  el 
compuesto 31a muestra  inhición de BuChE a nivel micromolar, y un porcentaje de  inhibición 
de formación de fibrillas del 58%. Aún así, ninguno de los derivados de carbazol sustituidos con 
anilinas  resultaron  en  compuestos multidiana  para  las  tres  dianas  de  la  cascada  amiloide 
estudiadas en este trabajo. 
Tabla 5.11.- Resultados experimentales de los derivados de carbazol. 
Candidato 









31a 30 ± 1 -- -- 6.0±1.0 58 ± 2 1.3 ± 0.3 -- 
31b 22 ± 1 -- 34 ± 1 -- 51 ± 5 2.4 ± 1.4 -- 
31c 49 ± 2 -- 33 ± 1 -- 36 ± 5 1.5 ± 0.3 -- 
31d 15 ± 1 -- 12 ± 1 -- 41 ± 3 1.6 ± 1.5 -- 
31e -- 7.2 ± 0.4 20 ± 1 -- 46 ± 3 0.5 ± 0.3 -- 
31f -- 7.8 ± 0.2 10 ± 1 -- 49 ± 1 0.9 ± 0.9 -- 
34e 48 ± 1 -- -- 1.1 ± 0.2 11 ± 3 -- 3.1 ± 0.4 
34f -- 14 ± 1 -- 7.1 ± 0.7 28 ± 3 -- 3.1 ± 0.3 
 
Al  comparar  los  resultados  de  los  compuestos  sustituidos  con  bencilaminas  con  los  de  las 







del  grupo  amino  al  pasar  de  anilina  a  bencilamina,  lo  que  favorece  la  formación  de  pares 
iónicos con  los  residuos aspárticos de  la díada catalítica de BACE‐1. Sin embargo, aunque el 
compuesto 34e muestra inhibición a nivel micromolar de BuChE, su capacidad de inhibición de 
AChE y la agregación se ven gravemente mermadas cuando se compara con 31e, lo que implica 









docking, hemos observado en  varias ocasiones este  tipo de  colisiones entre en  ligando  y  la 
molécula  de  BACE‐1.  La  Figura  5.22  ilustra  un  ejemplo  de  éste  fenómeno,  en  una  de  las 
posiciones de salida del compuesto 33a. 
 
Figura 5.22.- Resultado de acoplamiento del compuesto 33a en BACE-1, flap abierto, según ChemScore. 
Como en el caso de BACE‐1, para AChE también se observa la existencia de ‘soft‐bumping’ en 







la  hora  de  inhibir  las  dianas  enzimáticas  de  la  cascada  amiloide.  Por  lo  tanto,  decidimos 
sustituir  el  grupo  carbazol  por  un  sustituyente  de menor  tamaño  como  el  indol,  lo  que  en 








Figura 5.23.- Resultado de acoplamiento de 34e en AChE, según ChemPLP.  
 
5.5.1.‐ Resultados de Acoplamiento en BACE‐1. 
 Las  Tablas  5.12  y  5.13  listan  los  resultados  del  acoplamiento  a  BACE‐1  de  los  compuestos 
indólicos. Como en el caso de  los carbazoles, estos resultados se resumen de manera gráfica 
en las Figuras 5.24 y 5.25 respectivamente. El mayor tamaño y flexibilidad de estos candidatos 
a  inhibidor  en  comparación  con  las  cumarinas  nos  ha  llevado,  como  en  el  caso  de  los 
carbazoles,  a  buscar  los  hits  entre  los  10  primeros  resultados mejor  clasificados  para  cada 
función de evaluación y apertura del flap. 
Como  se  puede  apreciar  en  los  resultados  obtenidos,  las  probabilidades  de  obtener  hit  se 
incrementan cuando el flap se encuentra total o parcialmente abierto (Tablas 5.12 y 5.13). El 
número  de  hits  con  flap  cerrado  es muy  reducido;  en  particular,  al  emplear  la  función  de 
evaluación ChemPLP no se observa ningún hit. Esto nos  indica que  las moléculas caben en el 
sitio activo de la enzima gracias a la flexibilidad del flap. 
En  el  caso  de  los  compuestos  basados  en  carbazol,  se  observaba  que  los  compuestos  con 
mejores resultados eran aquellos que contenían una función bencilamina, que garantizaba  la 





indol  según  nuestras  predicciones  difiere  de  la  predicha  para  derivados  de  carbazol.  Los 
derivados de carbazol muestran predilección por la sustitución en orto sobre la sustitución en 
meta. Sin embargo, una revisión de los resultados para los derivados de indol indica una mayor 






Tabla 5.12.- Resultados de acoplamiento en BACE-1 de derivados de indol sustituidos con anilina. 
 
Candidato 
Función de Evaluacióna 
ChemScore GoldScore ChemPLP 
Abto Med Crdo Abto Med Crdo Abto Med Crdo 
41a 
R Neut -- -- -- -- -- -- -- -- -- 
S Neut -- -- -- -- 60.59
b 
(01/2) -- -- -- -- 
R Prot -- -- -- 60.84 (08/3) 
61.05 
(02/1) -- -- 
77.9 
(02/1) -- 








(09/2) -- -- -- -- 
41b 
R Neut -- -- -- 57.92
b 
(09/1) -- -- -- -- -- 
S Neut -- -- -- -- -- -- -- -- -- 
R Prot 30.51 (10/1) -- -- 
64.78 
(04/6) -- -- -- 
71.62 
(02/2) -- 












R Neut -- -- -- -- -- -- -- -- -- 
S Neut -- -- -- -- -- -- -- -- -- 




(10/1) -- -- 
74.21 
(03/1) -- 
S Prot -- -- -- -- 66.46 (02/1) -- -- -- -- 
42a 
R Neut -- -- -- -- -- -- -- 74.79 (02/1) -- 








(07/1) -- -- -- 
R Prot 32.18 (01/3) 
34.11 
(05/3) -- -- -- -- -- 
71.66 
(05/1) -- 














(04/3) -- -- -- -- 
S Neut 31.38 (04/1) -- 
36.86
(01/2)  -- -- 
66.46 
(10/1) -- -- 




(08/2) -- -- 
67.90 
(10/1) -- -- 








(07/1) -- -- -- 
42c 






(02/3) -- -- 
69.75 
(09/1) -- 
S Neut 31.07 (05/1) 
38.00 
(02/1) -- -- 
58.47 
(03/3) -- -- 
71.98 
(05/1) -- 








(09/1) -- -- -- -- 
S Prot 34.60 (01/3) 
36.08 
(02/1) -- -- -- -- -- -- -- 
aSólo se indican los valores de la salida de las diferentes funciones de evaluación para aquellas 
estructuras que cumplen los requisitos de hit. El número entre paréntesis indica la posición en el ranking 
de la pose para la que se obtuvo resultado de hit. Se indican los resultados para las tres posiciones del 
flap: abierto (Abto), apertura media (Med), y cerrado (Crdo), los dos enantiómeros y los dos estados de 





Tabla 5.13.- Resultados de acoplamiento en BACE-1 de derivados de indol sustituidos con bencilamina. 
 
Candidato 
Función de Evaluacióna 
ChemScore GoldScore ChemPLP 










(01/1) -- -- 
74.42 
(03/1) -- 
















(02/2) -- -- 
62.97 








(08/3) -- -- -- -- -- 
S Neut 33.86
b 
(01/2) -- -- 
55.01
















































(04/4) -- -- -- -- -- -- -- 
S Prot -- 35.84
b
(03/3) - -- -- 
54.76






(01/1) -- -- -- -- 
74.27b 









































(05/2) -- -- 
70.36b 
(02/1) -- -- 
S Neut 34.34
b 




































(03/2) -- -- 
74.20b 
































aSólo se indican los valores de la salida de las diferentes funciones de evaluación para aquellas 
estructuras que cumplen los requisitos de hit. El número entre paréntesis indica la posición en el ranking 
de la pose para la que se obtuvo resultado de hit. Se indican los resultados para las tres posiciones del 
flap: abierto (Abto), apertura media (Med), y cerrado (Crdo), los dos enantiómeros y los dos estados de 
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Cabe mencionar  que,  para  los  casos  de  los  derivados  de  indol  con  un  sustituyente  de  tipo 
bencilamina, se observa un elevado grado de disposición "inversa" de contacto entre la díada 
aspártica  catalítica  y  el  candidato  cuando  el  flap  se  encuentra  abierto,  en  particular  en  los 
resultados de la función de ChemScore. Entendemos como disposición "inversa" aquella en la 
cual  la amina establece enlace de hidrógeno con el residuo aspártico protonado  (Asp32) y el 
hidroxilo  con  el  residuo  aspártico  cargado  (Asp228),  un  grupo  de  interacciones  con  la 
disposición opuesta a la que se propuso originalmente en el Esquema 5.1.  
 
Fig 5.26.- Resultado de acoplamiento de 44a en el sitio activo de BACE-1. Resultado obtenido mediante 
ChemScore, flap de apertura media. 
5.5.2.‐ Resultados de Acoplamiento en Acetilcolinesterasa. 
Las Tablas 5.14 y 5.15  listan  los hits de  las simulaciones de acoplamiento con AChE para  los 
derivados que contienen un grupo anilina; así mismo,  las Tablas 5.16 y 5.17 muestran estos 
resultados para  los que contienen un grupo bencialmina, resumidos de manera gráfica en  las 
figuras  correspondientes  (Figuras  5.27  y  5.28  para  las  anilinas,  Figuras  5.29  y  5.30  para  las 
bencilaminas). Un primer análisis de  los resultados de salida muestra que  la sustitución meta 
en la anilina/bencilamina  incrementa el número de hits en comparación con  la sustitución en 
orto. Como  se puede apreciar en  los  resultados obtenidos, el número de hits y el  consenso 









Tabla 5.14.- Resultados de acoplamiento en AChE de derivados de indol con anilina sustituida en orto. 
 
Candidato Posición Indol 
Función de Evaluación* 
ChemScore GoldScore ChemPLP 
41a 





S Neut CAS 54.59 (02/3) -- 
118.00 
(01/2) 
R Prot CAS 54.04 (01/2) -- 
123.87 
(01/4) 
S Prot CAS 50.15 (10/1) -- -- 
R Neut PAS -- -- 108.89 (03/4) 
S Neut PAS -- 86.33 (07/1) 
106.64 
(05/2) 
R Prot PAS 50.65 (06/1) -- 
111.52 
(03/1) 
S Prot PAS -- -- 108.69 (01/1) 
41b 




















R Neut PAS -- -- -- 
S Neut PAS -- 86.22 (08/1) 
111.93 
(06/2) 
R Prot PAS 53.00 (04/1) -- 
108.89 
(05/1) 
S Prot PAS -- -- 112.87 (03/3) 
41c 










R Prot CAS 56.93 (01/4) -- 
127.32 
(01/3) 
S Prot CAS 53.51 (04/2) 
92.62 
(05/1) -- 
R Neut PAS -- -- 108.38 (06/1) 
S Neut PAS -- -- -- 
R Prot PAS -- -- 111.00 (06/3) 
S Prot PAS -- 88.27 (06/1) -- 
aSólo se indican los valores de la salida de función de evaluación para aquellas estructuras que cumplen 
los requisitos de hit. Los números entre paréntesis indica la posición en el ranking de la pose para la que 
se obtuvo el resultado de hit más alto y el número total de poses que resultan en hit entre las 10 primeras, 




Tabla 5.15.- Resultados de acoplamiento en AChE de derivados de indol con anilina sustituida en meta. 
 
candidato Posición Indol 
Función de Evaluación* 
ChemScore GoldScore ChemPLP
42a 




















R Neut PAS -- 87.25 (01/2) 
105.47 
(07/3) 
S Neut PAS -- -- 105.38 (07/1) 
R Prot PAS -- 80.30 (05/1) 
109.49 
(05/2) 
























R Neut PAS -- -- 109.87 (08/1) 
S Neut PAS -- -- -- 
R Prot PAS -- 86.08 (06/1) -- 
























R Neut PAS -- -- 110.48 (09/1) 
S Neut PAS -- -- -- 
R Prot PAS -- -- -- 
S Prot PAS -- -- -- 
aSólo se indican los valores de la salida de función de evaluación para aquellas estructuras que cumplen 
los requisitos de hit. Los números entre paréntesis indica la posición en el ranking de la pose para la que 
se obtuvo el resultado de hit más alto y el número total de poses que resultan en hit entre las 10 primeras, 





Figura 5.27.- Resultados de hit globales para AChE de los derivados de indol sustituidos con 
orto-anilinas. 
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Tabla 5.16.- Resultados de acoplamiento en AChE de derivados de indol con bencilamina sustituida en 
orto. 
 
Candidato Posición Indol 
Función de Evaluacióna 
ChemScore GoldScore ChemPLP
43a 
R Neut CAS 55.20 (01/2) -- 
115.82 
(01/1) 
S Neut CAS 56.26 (02/2) -- -- 










R Neut PAS -- 83.10 (06/1) 
107.82 
(08/1) 
S Neut PAS -- 88.34 (01/1) 
110.00 
(01/2) 
R Prot PAS -- -- 114.18 (04/2) 
S Prot PAS -- -- 113.73 (02/3) 
43b 




















R Neut PAS 55.57 (04/1) -- -- 
S Neut PAS -- -- -- 
R Prot PAS -- -- 108.98 (08/1) 
S Prot PAS -- -- 112.42 (04/1) 
43c 




















R Neut PAS -- -- 107.68 (07/2) 
S Neut PAS -- -- 113.91 (01/3) 
R Prot PAS -- -- 111.23 (08/2) 
S Prot PAS -- -- 106.79 (08/2) 
aSólo se indican los valores de la salida de función de evaluación para aquellas estructuras que cumplen 
los requisitos de hit. Los números entre paréntesis indica la posición en el ranking de la pose para la que 
se obtuvo el resultado de hit más alto y el número total de poses que resultan en hit entre las 10 primeras, 




Tabla 5.17.- Resultados de acoplamiento en AChE de derivados de indol con bencilamina sustituida en 
meta. 
 
Candidato Posición Indol 
Función de Evaluacióna 
ChemScore GoldScore ChemPLP 
44a 




















R Neut PAS -- 82.42 (09/1) 
107.68 
(05/4) 
S Neut PAS -- 89.78 (02/2) 
105.32 
(05/3) 
R Prot PAS -- -- 114.14 (07/2) 


























R Neut PAS 52.87 (06/1) -- 
109.22 
(04/2) 
S Neut PAS -- -- 105.07 (03/3) 
R Prot PAS -- 86.88 (07/1) 
109.33 
(09/1) 
























R Neut PAS -- 81.41 (10/1) 
110.91 
(06/1) 
S Neut PAS 53.68 (07/1) -- 
111.97 
(03/2) 
R Prot PAS 54.38 (05/1) -- -- 
S Prot PAS -- -- 108.13 (06/1) 
aSólo se indican los valores de la salida de función de evaluación para aquellas estructuras que cumplen 
los requisitos de hit. Los números entre paréntesis indica la posición en el ranking de la pose para la que 
se obtuvo el resultado de hit más alto y el número total de poses que resultan en hit entre las 10 primeras, 




Figura 5.29.- Resultados de hit globales en AChE para los derivados de indol sustituidos con 
orto-bencilaminas. 
 
Figura 5.30.- Resultados de hit globales en AChE para los derivados de indol sustituidos con 
meta-bencilaminas. 
Un aspecto  interesante de  los cálculos acoplamiento con AChE es  la disposición de  las de  las 
poses  de  salida.  Como  hemos  mencionado  al  hablar  de  las  interacciones  de  nuestro 
farmacóforo con AChE, buscamos inhibidores duales capaces que ubicar uno de sus extremos 
aromáticos en el CAS y el otro extremo aromático en el PAS de manera simultánea, resultando 
ambos en  interacciones de apilamiento π con  los  residuos aromáticos que se encuentran en 
ambos sitios, como se ha descrito en la Figura 5.2 en la introducción de este capítulo. Hay dos 
orientaciones  de  pose  posibles  que  cumplen  nuestros  requisitos  de  hit.  En  la  primera,  el 
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La  Figura 5.31 muestra el  resultado de evaluación más  favorable del  compuesto 44a  con  la 
función de evaluación ChemScore, con el  indol situado en el CAS. Se puede observar como el 
indol  se  coloca  perfectamente  para  establecer  las  interacciones  de  apilamiento  π  con  los 




Fig 5.31.- Ilustración de 44a en posición de π-stacking en el CAS (función indol) y PAS (función bencilo) 
de AChE. Posición obtenida con la función de evaluación ChemScore, ligando neutro.  
5.5.3.‐ Resultados de simulación de inhibición de la agregación.  
Hemos  llevado a cabo  las simulaciones de dinámica molecular de  los  fragmentos de péptido 
β‐amiloide en presencia de dos de nuestros candidatos a  inhibidor derivados de  indol: 41b y 
44b.  Los  resultados  (recogidos  en  la  Tabla  5.18)  indican que  el  tiempo de  residencia  a una 
distancia máxima de 7.5 Å del péptido para estos compuestos es relativamente elevado (0.88 y 
0.96 respectivamente). 
Tabla 5.18.- Resultados de contacto del indol con Aβ12-28 





La Figura 5.32 muestra el  tiempo de  residencia del  ligando en  contacto  con  los  residuos de 








Figura 5.32.- Valores de tiempo de contacto de los residuos del péptido Aβ12-28 con los inhibidores de 
tipo indol 41b y 44b. 
La  Figura  5.33 muestra  los  resultados  del  tiempo  de  contacto  entre  residuos  del  péptido 
Aβ12‐28 en presencia de los candidatos a inhibidor 41b y 44b. En dicha figura, se hace patente 
que  los derivados de  indol muestran una mayor capacidad para  impedir  la formación de una 
horquilla  β  que  la  antraquinona  (ver  Figura  5.8,  página  111).  Además,  los  resultados 







Figura 5.33.- Mapa de contactos de los residuos del péptido Aβ12-28 con el derivado de indol presente 
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La  Figura  5.34  corresponde  a  un  fotograma  de  la  trayectoria  de  DM.  En  ella  se  ilustra  el 
apilamiento π típico entre  la cadena  lateral de uno de  los residuos fenilalanina (Phe20) y uno 
de nuestros derivados de indol. 
 
Figura 5.34.- Imagen extraída de una trayectoria de simulación de dinámica molecular del péptido 
Aβ12-28 (celeste) en un entorno con el candidato 44b (verde). 
 
5.5.4.‐ Sintesis de Indoles. 
Para  la  síntesis de  los derivados de  indol  empleamos un procedimiento  análogo  al descrito 
para  la  síntesis  de  derivados  de  carbazol,  tal  y  como  se  indica  en  el  Esquema  5.4.  De  los 










Los resultados de  las evaluaciones experimentales de  inhibición de BACE‐1, de AChE, y de  la 
agregación por parte de los derivados de indol sintetizados se resumen en la Tabla 5.19. Como 
se  aprecia en  la misma,  los  compuestos  con bencilamina  sustituida en meta presentan una 
actividad mucho mayor que  las  anilinas  sustituidas  en  orto para dianas  como AChE,  lo que 
valida los resultados predichos por nuestros protocolos de simulación. Más aún, el grupo indol 
combinado con una bencilamina  sustituida en meta nos ha  llevado a candidatos capaces de 
inhibir  las  tres  dianas  escogidas  de  la  cascada  amiloide  (BACE‐1,  agregación  de  péptidos 
amiloides, y el PAS de AChE), así como al CAS de AChE y a BuChE,  lo que  implica un efecto 
colinérgico  positivo  adicional,  por  lo  que  compuestos  como  44c  son  candidatos  ideales  a 
inhibidores multidiana.  
Tabla 5.19.- Resultados experimentales de los derivados de indol. 
Candidato 






100 µM IC50(µM) 
%inh@ 
100µM IC50(µM) 
41a 44 ± 1 -- 17 ± 3 -- 43 ± 1 -- 5.7 ± 1.6 -- 
41b 45 ± 2 -- 18 ± 3 -- 23 ± 2 -- 6.3 ± 1.4 -- 
41c 44 ± 1 -- 19 ± 1 -- 43 ± 5 -- 16.4 ± 0.1 -- 
42a -- 8.5 ± 0.7 20 ± 2 -- 55 ± 3 -- 3.5 ± 2.4 -- 
42b -- 12 ± 1 17 ± 1 -- 57 ± 2 -- 1.8 ± 0.6 -- 
42c -- 9.3 ± 0.6 24 ± 1 -- 22 ± 2 -- 0.1 ± 0.1 -- 
44a -- 10.4 ± 0.1 -- 0.70 ± 0.02 57 ± 3 -- -- 3.0 ± 1.4 
44b -- 9.1 ± 1.1 -- 0.29 ± 0.05 47 ± 2 -- -- 2.5 ± 0.1 
44c -- 5.9 ± 1.0 -- 0.39 ± 0.03 78 ± 1 34 ± 2 -- 4.3 ± 0.8 
 
Por  último,  estos  resultados  también  nos  aportan  información  estructural  de  suma 
importancia. Por ejemplo,  los compuestos 44a, 44b y 44c presentan mejor valor de  IC50 para 
BuChE que para AChE.  Las  implicaciones estructurales de este  resultado apuntan a que  son 
capaces de difundir hasta el CAS de AChE e inhibir esa región, ya que ambas enzimas presentan 
una  elevada  homología  en  la  estructura  de  su  CAS,  pero  BuChE  reemplaza  los  residuos 
aromáticos  del  PAS  de  AChE  por  residuos  no  aromáticos,  lo  que  previene  la  formación  de 
enlaces por apilamiento π en esa región, como habíamos descrito en  la  introducción de esta 
tesis  (Página  19).  Este  resultado  experimental  apoya  la  conclusión  de  que  nuestro  diseño 
resulta en inhibidores de AChE duales que enlazan tanto al PAS como al CAS, una conclusión a 





serie para  las dianas de  la cascada amiloide presenta un  reto sustancial, dadas  las marcadas 
diferencias entre  los diversos  sitios de enlace de  las diferentes dianas. Hemos propuesto en 






de  cálculos  de  simulación  molecular.  Los  compuestos  originales  y  algunas  variantes  más 
prometedoras  obtenidas  por  varios  ciclos  de  diseño  han  sido  sintetizados  y  ensayados 
experimentalmente. Para  llevar a cabo  los estudios computacionales diseñamos un protocolo 
que combina simulaciones de acoplamiento para  las dianas enzimáticas con simulaciones de 
dinámica molecular que estudiaron  la evolución  con el  tiempo de un  fragmento de péptido 
amiloide  en  la  presencia  de  nuestros  candidatos.  De  acuerdo  con  nuestro  farmacóforo, 
definimos  una  serie  de  condiciones  para  las  interacciones  entre  inhibidor  y  proteína  que 
deberían verse cumplidas por las poses de salida obtenidas de las funciones de evaluación. 
La primera  familia de compuestos estudiados  se compone de derivados de  la 8‐aminometil‐
7‐hidroxicumarina. Aunque  las cumarinas han  recibido mucha atención anteriormente  como 
posibles  inhibidores  de  AChE  y  BuChE,19  hasta  donde  alcanza  nuestro  conocimiento  los 




efectividad  para  prevenir  la  formación  de  la  horquilla  β  del  péptido  amiloide  en  las 
simulaciones de dinámica molecular es casi nula,  lo que  indicaría que estas cumarinas no son 




ha observado que  las  cumarinas  son  capaces de  formar  interacciones de apilamiento  π  con 
cada  uno  de  los  sitios  por  separado.  Los  resultados  experimentales  obtenidos  (Tabla  5.4) 
respaldan los resultados de nuestras predicciones computacionales, ya que podemos observar 
que  las  cumarinas  seleccionadas  para  la  síntesis  inhiben  AChE  satisfactoriamente, mientras 
que su capacidad de  inhibición para BACE‐1 y para  la  formación de  fibrillas es muy baja. Por 
otra  parte,  nuestros  resultados  indican  que  estos  compeustos  no  inhiben  BuChE,  lo  cual 
indicaría  que  estos  ligandos  se  ubican  en  el  PAS  de  AChE  y  por  tanto  pueden  presentar 
beneficios  como  inhibidores,  tanto  de  la  agregación  amiloide  como  a  nivel  colinérgico.  Los 
valores de  IC50 obtenidos en AChE están en  línea  con  los obtenidos para otras  variantes de 
cumarinas.19 
La segunda familia de compuestos estudiada se compone de derivados de carbazol análogos al 
dimebon,  capaces de ejercer  funciones neuroprotectoras y neurogeneradoras en  ratones.153 
Los  primeros  compuestos  estudiados,  los  derivados  de  carbazol  con  sustituyente  anilina, 
presentaron un número reducido de hits en BACE‐1 (Tabla 5.5), pero una cantidad razonable 
de  hits  para  AChE.  Nuestros  ensayos  experimentales  (Tabla  5.11)  corroboraron  estos 
resultados, dado que los compuestos derivados de carbazol con anilinas no pasaron del 5% de 
inhibición de BACE‐1  a 100µM). Además,  los  compuestos para  los que preveímos un mejor 
resultado  en  nuestros  estudios  de  evaluación  (31e  y  31f,  Tabla  5.8)  presentan  actividad 
inhibitoria  a  nivel  micromolar  para  AChE.  Al  examinar  la  posición  que  ocupan  estos 
compuestos en  las poses de salida de  los estudios de evaluación se observa que son capaces 
de establecer contactos de apilamiento π con ambos sitios de  la enzima (CAS y PAS) a  la vez, 
un  resultado  que  podría  explicar  su  mejor  afinidad  en  comparación  con  sus  congéneres. 
146 
 
Finalmente,  algunos  de  los  compuestos  de  este  set  muestran  una  capacidad  para  inhibir 
fibrillas ligeramente superior a la 9‐10 antraquinona de referencia.38  
En  un  esfuerzo  para mejorar  estos  resultados,  en  particular  los  de  BACE‐1, modificamos  la 
estructura  de  estos  compuestos  con  la  información  obtenida  en  nuestros  ciclos  de  diseño 
asistidos  por  ordenador.  Los  primeros  resultados  de  las  evaluaciones  mostraban  como  la 
mayoría de  los resultados de hit provenían de  las simulaciones con  la anilina protonada  (ver 
Tabla 5.5), con  lo que decidimos  reemplazar  la  función anilina por un grupo bencilamina,  lo 
que eleva el pKa del grupo amino y por tanto aumenta la probablidad de que éste se encuentre 
protonado.  Los  resultados  de  evaluación  computacional  estimaron  un  incremento  de  la 
efectividad  de  las  bencilaminas  para  BACE‐1  (Tabla  5.6).  Efectivamente,  los  resultados 
experimentales  obtenidos  para  los  compuestos  sintetizados  (34e  y  34f)  mostraron  un 
incremento  en  su  afinidad  de  enlace  a  BACE‐1  de  tres  órdenes  de magnitud,  alcanzando 




actividad  de  AChE  resulta  en  un  incremento  de  la  actividad  de  BuChE  como  mecanismo 
compensatorio, por  lo que ambos enzimas pueden ser dianas terapéuticas de  la enfermedad 
de Alzheimer.155 Por  lo tanto, estos compuestos tendrían un efecto terapéutico no sólo como 
inhibidores  de  las  dianas  de  la  cascada  amiloide,  sino  también  a  nivel  colinérgico.  Los 
resultados del número total de hits entre las 10 primeras poses para los compuestos derivados 
de  carbazol,  presentados  en  las  Figuras  5.35  y  5.36  (ver  sección  5.7,  anexo  1),  parecen 
respaldar en líneas generales los resultados observados. 
Por último, basándonos en  la  información obtenida en  los estudios de derivados de carbazol, 
diseñamos  una  tercera  generación  de  compuestos  basados  en  indoles,  que  comparten  los 
motivos estructurales de los derivados de carbazoles pero presentan un menor tamaño, con lo 
que  se  reducen  los  problemas  de  colisión  estérica  observados  entre  la  función  carbazol  y 
algunos  de  los  residuos  de  BACE‐1  y  AChE  (Figuras  5.22  y  5.23).  Para  evitar  este  tipo  de 
colisiones,  diseñamos  una  nueva  familia  de  compuestos  donde  la  función  carbazol  fue 









enzimas  en  el  diseño  de  un  inhibidor.  De  nuevo,  esta  información  se  ve  reflejada  en  los 
resultados del número total de hits entre las 10 primeras poses para los compuestos derivados 







a  plegamiento  de  péptidos  (como  la  diabetes  tipo  2  o  la  enfermedad  de  Parkinson)  es  la 
existencia  de  un  núcleo  amiloidogénico,  que  sirve  como  plantilla  para  la  formación  de 
oligómeros amiloides y fibrillas. 156 Los resultados computacionales de  las trayectorias de DM 
de una sección del péptido Aβ  (residuos 12 a 28) en  la presencia de nuestros candidatos de 
segunda  y  tercera  generación  (indoles  y  carbazoles)  parecen  indicar  que  los  mejores 
inhibidores  de  agregación  son  capaces  de  modular  la  estructura  secundaria  del  péptido, 





concluir que  los  inhibidores derivados de  indoles sustituidos con bencilaminas presentan, en 
general,  una mejor  capacidad  de  inhibición  en  el  conjunto  de  las  tres  dianas  terapéuticas 
elegidas para estudiar en este  capítulo  ‐  la  inhibición de BACE‐1,  la  inhibición de AChE, y  la 
inhibición de  la agregación de fragmentos β‐amiloides ‐ en comparación con  los derivados de 
carbazol y  las cumarinas,  lo que confirma  los resultados de nuestro protocolo computacional 
dirigido  a  la  búsqueda  de  candidatos  a  inhibidores  de  las  dianas  de  la  cascada  amiloide 
subyacentes a la EA. Los indoles sustituidos con meta‐bencilaminas presentan la capacidad de 
actuar  como  inhibidores  multidiana  para  todas  las  dianas  escogidas  de  la  EA,  lo  que  los 
convierte en candidatos aptos para posteriores estudios a nivel celular y animal. 
Además de obtener predicciones  robustas  sobre  la afinidad  relativa de nuestros candidatos, 
nuestro protocolo asistido computacionalmente nos ha proveído de predicciones estructurales 
valiosas  tales  como  el  grado  de  apertura  del  flap  del  sitio  activo  de  BACE‐1  cuando  se 









Las  figuras  presentadas  en  este  apéndice  recogen  el  total  de  hits  obtenidos  para  cada 







Figura 5.35.- Resultados de número total de hits entre las 10 primeras poses para BACE-1 de los 
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Para  la  primera  parte  de  la  búsqueda  de  hidroxiaminas  en  las  bases  de  datos  que  utilizan 
códigos de tipo SMILES142 se empleó el sistema buscador propio de cada base de datos, donde 









if((index(smile,"O)")>0 && index(smile,"NH+")>0 || substr(smile, 
length(smile), 1)=="O") && index(smile,"NH+")>0  || 
(substr(smile, length(smile), 1)=="O") && index(smile,"NH2+")>0 
|| (index(smile,"O)")>0 && index(smile,"NH2+")>0)) 
























Hereafter  we  summarize  the  most  important  milestones  achieved  in  this  thesis  and  its 
implications for the field of Alzheimers' disease drug discovery.  
 
6.1. BINDING AFFINITY pH DEPENDENCE IN ASPARTIC PROTEASES. 
The  first major objective of  this  thesis was  to obtain  insights  into  the effect of  the chemical 
nature on  the  charge  state of  titratable  residues  in aspartic proteases.  For  this purpose we 
studied  the effect of pH on  the  inhibitor affinity  to BACE‐1 and HIV‐1,  two enzymes of  this 
family  that are  important  therapeutic  targets.   The protocol used  for  carrying  these  studies 






















advisable  to perform  in  silico HTS  search of  fragments or BACE‐1 putative  ligands with one 
single protonation state across the board, as done previously by several research groups. More 
likely, the igands would have to be classified in accordance with the protonation state they can 
elicit  from  the  Asp  dyad,  and  then  the  HTS  screening  could  proceed with  several  enzyme 
targets differing in their protonation states. 













cavity where  they  find  themselves. The highest pKa  increases are observed  for  the Asp dyad 
residues. The short hydrogen bond distances between the inhibitor’s OH group and one of the 
carboxylate  oxygens  has  led  us  to  postulate  the  presence  of  Low  barrier  hydrogen  bond 
between  these  two atoms, and  found  that  their presence are of  the essence  in  rationalizing 
the  calculated pKa  values  for  the Asp dyad when bound  to  some  inhibitors and  the binding 
affinities of these  ligands. For the most part, the binding energy differences observed by SPR 
experiments upon a pH change are rather small. Nonetheless, the calculated trends on binding 
affinity  upon  pH  increase  reproduce  with  few  exceptions  the  ones  observed  in  the  SPR 
experiments.  
 
6.2.- EFFECT OF THE LIGAND AND ENZYME CHARGE STATES ON FRAGMENT   




role  for  the active site protonation state of  this protein on  the  inhibitor binding  ranking, we 
designed a docking algorithm that takes into account this feature explicitly and have applied it 
to  a  set  of  23  ligands with  a  variety  of  chemical  structure motifs  that  span  four  orders  of 
magnitude  in  their  binding  affinities.  As  a  first  step  in  our  protocol  we  calculated  the 
protonation states of all enzymes’  ionisable residues at neutral and acidic pH values prior  to 
docking the ligands back into their BACE‐1 binding site. We have found out that the calculated 
pKa values of  the BACE‐1 acidic  residues deviate  substantially  from  the estimates  for model 
compounds  in  solution  and  display  a  high  dependence  on  the  ligand  chemical  structure, 
especially  in the case of the Asp dyad residues, a result that should be taken  into account  in 
docking based  ligand  screening  campaigns. Our  calculations on BACE‐1 bound  to  fragments 
indicate that at pH 4.5, the Asp dyad monoprotonated charge state, with the proton on Asp 32, 




The  docking  poses  for  docking  were  generated  with  the  help  of  three  scoring  functions 






Two  of  our  main  specific  objectives  were  to  find  out  the  conditions  under  which  the 
crystallographic  poses  could  be  reproduced,  and  it will  be  possible  to  rank  accurately  the 
ligands  at  the  optimal  pH  of  the  enzyme.  These  studies  enabled  us  to  determine  if  the 
protonation state of the ligand and the ionisable residues of the enzyme had a bearing on the 
results. We  found out  that  the biggest  influence on  the hit  rate  success  is produced by  the 
assignment  of  a  charge  state  to  the  inhibitor  and  the  choice  of  pH  value.  The  enrichment 
provided by assigning a positive charge to the inhibitor probably is the result of a polar micro‐
environment created  in part by the Asp dyad, which enables the  ligand  ionisable fragment to 
keep or increase its pKa value predicted in solution. In one case (ligand 3H0BS) we have shown 
that our calculations have enabled us  to predict an approximate pKa  figure  for  the  ionisable 
fragment of the inhibitor, and in some other cases our protocol has allowed us to identify the 
most  likely protonated N atom  in charged  inhibitors. The highest success rate for finding the 
observed  pose  was  obtained  at  neutral  pH.  This  outcome  stands  to  reason  since  the 




screening  campaigns  at  this  range  of  pH,  since  the  candidate  ranking  position  probably 
changes with this medium acidity. 
We  found  out  that  the  docking  performance  results  have  a  strong  dependence  on  the 
evaluation function used in the re‐scoring stage. Some of the best results are obtained a MM 
interaction energy scoring function within a CHARMM force‐field. It is possible that the use of 
this  kind  of  functions  in  pose  generation  may  improve  the  binding  ranking  prediction  in 
docking simulations, a very important and unmet aim in this area of research. 
We have found a possible rationale for the poor docking performance of some  ligands across 
the  board  regardless  of  the  protocol  used.  The  results  imply  that  the  least  successful 
compounds have few anchoring interactions with active site residues compared to those with 








the  binding  sites  of  the  amyloid  cascade  targets, which  hinders  drastically  this  therapeutic 
strategy. To  tackle  this  issue, we have proposed  in  this work a computer assisted  route  that 
relies on a pharmacophore whose scaffold was built on previous knowledge obtained  in our 
lab and others. Preliminary  screening of various data bases and  literature  lead us  to  several 
families  of  compounds.  Some  of  these  compounds  contained  hydroxyamines  and  some 












Since  the  amyloid  peptides  present  a  range  of  binding  hot  spots, we  replaced  the  docking 









The  computer aided design  indicated  that most of  the 27  cumarines  studied produced very 
few hits, with little consensus amongst the scoring functions for BACE‐1. Our MD calculations 
indicated  that  the  ligand  residency  time around  the peptide was  rather  low and  that only a 
couple of compounds  inhibited the formation of a beta hairpin. Nevertheless, the docking to 
AChE indicated many hits with an ample consensus across most scoring functions. Seven of the 
top  cumarine  candidates were  synthesized  and  assayed  for  binding  to  all  our  targets.  The 
experimental  results  clearly  indicate  that  these  compounds  are  poor  BACE‐1  and  Aβ 
aggregation  inhibitors, but  show micromolar  affinities  for AChE,  in  full  accordance with  the 
predictions.  The  BuChE  assays  seem  to  indicate  that  the  synthesized  cumarins  bind  to  the 
peripheral site.  
A  bibliographical  search  for  compounds  with  the  proposed  scaffold  led  us  to  a  group  of 
carbazole  contaning  compounds  with  substituted  aniline  fragments,  which  have  been 
previously  identified  as  neuro‐protecting  and  neuro‐generating  compounds  in  mice.  The 
research  performed  on  these  candidates  had  a  twofold  aim.  Firstly,  to  investigate  if  these 
compounds owed  their biological activity  to  their binding with  some of  the amyloid cascade 
targets, and secondly, to search for analogues with an increased affinity for the largest possible 
group of amyloid  cascade  targets. The  first  round of  calculations  to our original  compounds 
displayed  very  few  hits  in  BACE‐1  but  a  number  of  hits  in  AChE.  Our  binding  assays 
corroborated the outcome of our calculations, since the initial set of compounds displayed low 
affinities  for  BACE‐1  (not  surpassing  the  33%  BACE‐1  inhibition  at  1mM).  Nevertheless,  as 








In  order  to  improve  the  binding  across  the  amyloid  targets  and  specially  for  BACE‐1,  we 
proceeded to modify these compounds with the information afforded by two computer aided 
design cycles. The  initial  screening  results  for BACE‐1 anticipated  that most of  the hits were 
obtained with a protonated amino group  in  the aniline.  In order  to  improve  the probability 
that  the  amino  group  will  actually  be  protonated,  we  replaced  the  aniline moiety  with  a 
benzylamine  fragment.  The  docking  results  predicted  that  these  second  generation 
compounds would improve their hit rates, mainly for BACE‐1. In order to test this outcome, we 
synthesized  and  assayed  two  of  the  benzylamine  containing  compounds  that  showed 










BACE‐1  and  Aβ  aggregation  inhibitors  than  the  cumarine  candidates  identified  in  database 
screenings.  
Perusal of the predicted poses when bound to BACE‐1 and AChE indicated that there are some 
short van der Waals contacts between  the carbazol moiety of  the  ligand and  the protein.  In 
order  to  avoid  these  putative  steric  clashes we  designed  a  new  generation  of  compounds 
replacing  the  carbazole moeity with an  indole group with varying  substitution at  the amino 
function (forming substituted anilines and benzylamines).  
As  in  the  case of  the carbazol derivatives, our BACE‐1 docking  calculations  indicate  that  the 




either  at  the  PAS  or  the  CAS,  but  there  is  a  bigger  consensus  across  the  board  for  a  CAS 
positioning. Analysis of the MD trajectories for a short amyloid peptide in the presence of the 
indole derivative  candidates  indicated  that  they  are  able  to  inhibit  the nucleation  step  that 
precedes the amyloid aggregation.  
Some of the indole derivatives were synthesized and evaluated by our collaborators, indicating 
that  (as  in  the case of the carbazol derivatives) the benzylamine are more potent  leads than 




The most promising multitarget  candidates  (44a,  44b  and  44c)  are  able  to  bind  all  targets, 
giving a proof of concept for the multitarget approach to AD, both at the amyloid cascade and 
cholinergic pathways. Finally, our  results  shed  light on an open question  that  relates  to  the 
existence of  the  amyloidogenic  core which  serves  as  a  template  for  amyloid oligomers  and 
fybril formation, an issue that is relevant not only to AD but also to other pathologies, such as 
diabetes  type  2  and  Parkinson's  disease,  that  are  associated  with  the  misfolding  of 
polypeptides. Comparison of the results obtained from our MD simulations of an Aβ fragment 
(residues 12 to 28) in the presence and absence of our candidate compounds seem to indicate 
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ABSTRACT: BACE-1 is one of the aspartic proteases involved in the cleavage of β amyloid peptide, an initial
step in the formation of amyloid plaques whose toxicity induces neuron death in Alzheimer’s disease patients.
One of the central issues in the search of novel BACE-1 inhibitors is the optimum pH for the binding of
inhibitors to the enzyme. It is known that the enzyme has optimal catalytic activity at acidic pH, while cell
active inhibitors may bind optimally at higher pH. In this work we determine the effect of the pH on the
affinities of a set of inhibitors, with a variety of chemical motifs, for the ectodomain region of BACE-1 by a
surface plasmon resonance (SPR) biosensor based assay. In order to understand the molecular interactions
that underlie the diverse optimum pH for the binding of the various inhibitors as observed experimentally, we
have calculated the titration curves for a set of BACE-1 ligand complexes. The results indicate that the pKa
values of the titratable residues of the protein depend on the nature of the ligand involved, in disagreement
with previous work. The enzyme-inhibitor structures with the resulting protonation states at pH values 4.5
and 7.4 served as the starting point for the prediction of the pH-dependent binding ranking. Our calculations
reproduced the entire affinity ranking observed upon pH increase and most of the binding trends among
inhibitors, especially at low pH. Finally, our cell-based assays indicate a possible correlation between high
inhibitor affinity at both acidic and neutral pH values, with optimal cell response, a result that may open new
venues for the search of potent BACE-1 inhibitors that are active at the cellular level.
Alzheimer’s disease (AD)1 is a widespread, neurodegenerative,
dementia-inducing disorder which typically begins in middle to
late adult life (1). It is characterized by synaptic loss and neuronal
death in the cerebral cortex and the hippocampus. The major
observed lesions are amyloid plaques, which are formed by the
amyloid peptide (Aβ) fibril aggregates (1, 2). The Aβ peptide,
which contains 40-42 amino acids, is the product of a hydrolytic
cleavage of the amyloid precursor protein (APP, a type I trans-
membrane glycoprotein), a process that is catalyzed by a tandem
of two proteases identified as β- and γ-secretases (2-7). It has
been demonstrated that the former enzyme (also referred to as
BACE-1 andmemapsin 2) participates in the rate-limiting step of
the hydrolytic process that leads to theAPP fragments, a fact that
has converted β-secretase into a major target for drugs against
Alzheimer’s disease (3-7). As a result, many pharmaceutical
companies and academic institutions became involved in drug
discovery efforts targeting this enzyme (2, 8).
The main aim of these efforts is the discovery of small mole-
cular weight compounds that can trespass the blood brain barrier.
Many first generation peptidomimetic inhibitors with low nano-
molar affinities in enzyme-based assays are not active in cell-based
assays because of the limited penetration across cell membranes
(9). Higher bioavailability may be precluded (in part) by the
large number of polar groups present in peptidic inhibitors. In
principle, the automated screening of compounds belonging to
chemical libraries or resulting from combinatorial chemistry
could provide nonpeptidic inhibitors with the right balance
of polar and nonpolar groups. Nevertheless, the earliest high-
throughput screening (HTS) of putative β-secretase inhibitors
did not prove to be very successful. For instance, Coburn et al.
reported that a single molecule (a 1,3,5-trisubstituted benzene)
emerged as a hit from a HTS of a multimillion compound
library (10). Other approaches to inhibitor design have relied on
small fragment-based screening (FBS) by X-ray and NMR
techniques (11). These protocols have led to the discovery of
chemically diverse nonpeptidic inhibitors that in some cases
have a novel binding mode that displays a more open active site
of the enzyme (12).
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There are several issues related to the computer-aided design of
novel ligands that could enhance the success of HTS and FBS
protocols but that have not been fully addressed yet. One of the
most vital ones is the protonation state of the many buried acidic
residues found in this protein, including the active site Asp dyad,
which lends to this enzyme an optimal catalytic activity at low
pH (3). Most of the inhibitors developed at the earliest stages
were transition state analogues with various degrees of peptidic
nature and probably have their highest affinity at the pH value
optimal (4.5) for activity (2, 13). But many subsequent inhibitor
design cycles, like the one based on small fragment search by
X-ray crystallography, have generated compounds that anchor
themselves to the Asp dyad by amine groups (12), and it is not
clear what their effect on the protonation state of buried acidic
residues like the ones that belong to the Asp dyad will be. There
have been many attempts to search for putative inhibitors by an
in silico HTS screening, but they have always relied on a single
BACE-1 Asp dyad protonation state, in spite of the large
chemical diversity found in the chemical libraries used in HTS.
Nevertheless, some authors claim that a given Asp dyad proton-
ation state results in an enrichment of high-affinity molecules in
the final set, when used instead of alternative protonation
states (14, 15).
There have been many attempts to predict the charged state of
the active site Asp dyad by computational methods that include
molecularmechanics (16), quantummechanical calculations (17),
or a combination of both protocols (18). The calculations were
performed on a single complex formed by BACE-1 bound to
inhibitor OM99-2. The results of those calculations support the
hypothesis that themost favoredAsp dyad charge state is the one
that has only one of the Asp residues protonated. There has been
only one attempt to calculate the pH dependence on the active
site protonation state (15).
BACE-1 inhibitors bind to this enzyme in cellular compart-
ments that probably display a neutral pH. Nevertheless, BACE-1
is most active at an acidic pH (4.5-5.5). To bridge this dis-
connect, we have studied the binding affinity of a set of chemi-
cally diverse inhibitors by surface plasmon resonance (SPR)
biosensor technology at the pH of optimal activity for BACE
(i.e., 4.5) and at a pH close to a neutral value that has been used
in the X-ray studies of many BACE-1/inhibitor complexes
(i.e., 7.4).
In order to understand the SPR biosensor observed pH
dependence on ligand binding, we have calculated the titration
curves for the enzyme-inhibitor complexes studied experimen-
tally by an approximate solution of the Poisson-Boltzmann
equation that employs a generalized Born approximation (19).
These simulations afforded the protonation states of all titratable
residues at both (4.5 and 7.4) pH values and allowed us to
calculate the pH dependence of the binding affinities for those
complexes. The calculated binding ranking pH dependence
reproduces quite well the observed experimental trends for single
inhibitors. Moreover, the underlying predicted protonation
states indicate that the actual catalytic Asp dyad protonation
state will depend strongly on the chemical structure of the
inhibitor, in contrast to the consensus that has been arrived at
in the literature. Our calculations explain the seemingly incon-
gruous binding affinity pH dependence, providing a clear ratio-
nale based on the protonation states of the acidic residues
(especially the Asp dyad), elicited by the chemically diverse
inhibitors studied here.
Finally, our cell-based assays indicate that those inhibitors that
display a high binding affinity at both acidic and neutral pH
values present the best biological activity at the cell level, a result
that opens new venues for the search of potentBACE-1 inhibitors
that are effective at the cellular level.
MATERIALS AND METHODS
(1) SPR Biosensor Interaction Analysis and Cellular
Activity Studies. (a) Inhibitors. The chemical structures of
the inhibitors as well as the PDB codes of the complexes studied
here are shown in Table 1. Inhibitors I-2 (20), I-3 (21), I-4 (22),
I-5 (23), and I-6 (24) were synthesized according to published
procedures, while compound I-1 (OM99-2) was obtained from
Sigma-Aldrich, St. Louis, MO.
(b) Protein. The ectodomain of BACE-1 (amino acids 42-
446) was expressed in Escherichia coli and purified to homo-
geneity according to previously published procedures (25).
(c) Preparation of Biosensor Surfaces. All interaction
studies were performed at 25 Cwith a Biacore 2000 or a Biacore
S51 instrument (GE Healthcare, Uppsala, Sweden). The inter-
action was measured in resonance units (RU) as a function of
time, and presented graphically as sensorgrams, with data from a
series of inhibitor concentrations overlaid for each experiment.
Prior to immobilization of BACE-1, the buffer of the purified
enzyme was changed to 10 mM sodium acetate, pH 4.5, and the
concentration adjusted to 0.1 mg/mL. The protein was immobi-
lized to CM5 sensor chips by amine coupling according to
standard procedures (GE Healthcare, Uppsala, Sweden). The
running buffer during immobilizationwas 0.01MHepes, pH 7.4,
and 0.15 M NaCl. A reference flow cell was prepared by acti-
vation and deactivation of the sensor surface.
(d) Inhibitor Interaction Studies. The interaction studies
for all inhibitors were performed at a flow rate of 30 μL/min and
in a running buffer composed of 10 mM Hepes, pH 7.4, 0.15 M
NaCl, and 3%DMSO or 10 mM sodium acetate, pH 4.5, 0.15M
NaCl, and 3% DMSO. The inhibitors were diluted in running
buffer and injected in two independent concentration series for
180 s. The dissociation was recorded until the inhibitor had
cleared the surface, but at least for 600 s. A blank, consisting of
running buffer, was injected before and after each concentration
series.
BIAevalution 4.1 software (GE Healthcare Biosciences, Up-
psala, Sweden) was used to analyze the data. The reference and
an average of the blanks were subtracted from the data before
determining the kinetic parameters using global nonlinear regres-
sion analysis and a 1:1 bindingmodel withmass transfer. In order
to compensate for bulk changes between the association and
dissociation phase, an additional term for correction was in-
cluded in the analysis model. The sensorgrams were normalized
to the immobilized protein amount and the molecular weight of
the compound.
(e) Cellular Enzyme Activity Assay. HEK293 cells stably
expressing Swedish mutant APP (26) were cultured in DMEM
supplemented with 10%FCS, PEST (50 units of penicillin/50 μg/
mL streptomycin), and 200 μg/mL hygromycin at 37 C and 5%
CO2. Cells of 2104 per well were seeded into 96-well plates and
left overnight to settle. Cells were washed with fresh media, and
inhibitor was added at various concentrations inDMEMmedium
supplemented with FCS (10%) and hygromycin (200 μg/mL).
The maximal DMSO concentration was kept below 1%. After
24 h, the cell culture media was harvested, and the amount of Aβ
peptide was determined by Aβ x-40 ELISA (The Genetics Co.,
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Schlieren, Switzerland) according to instructions supplied by
the manufacturer. The IC50 values were calculated from
concentration-response curves using the Hill equation and
GraphPad Prism software (San Diego, CA).
(2) Simulation Protocols for pKa and Binding Affinity
Prediction. (a) Structure Preparation. The structures stu-
died in this work (see Table 1) were downloaded from the Protein
Data Bank, and hydrogens were added using the Discovery
Studio (DS) suite of programs (27). We excluded compound I-6
from our simulation studies, since its slow dissociation rate as
measured by SPR experiments only afforded a upper limit for
its KD value (KD < 10 nM). Some of the structures have a
segment missing between residues 158 and 169 (2B8L, 2IRZ) or
between residues 157 and 167 (2VNN). The missing loop was
modeled in these complexes based on the template provided by
the crystallographic structure of 1FKN. Inspection of the in-
complete structures indicated that the segments before the
missing loop were frayed, making the insertion of the loop
difficult. To avoid this problem, we adjusted the torsional angles
of the unraveled residues to their values observed in the 1FKN
complex. Once this was achieved, the loop was put into place by
attaching its N- and C-terminals to the protein. To optimize this
segment of the structure, we performed an energy minimization
(EM) on a protein segment that included the inserted strain and
five residues to either side of the above-mentioned fragment. For
this sake we used a steepest descent protocol with a 0.1 kcal/(mol
A˚2) gradient tolerance, using a CHARMM force field (28)
available in the Discovery Studio suite of programs (27). Since
Table 1: Chemical Structures of the BACE-1 Inhibitors Studied
aThe BACE-1-inhibitor complex for I-5 was generated by homology with the 2VNN complex.
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the coordinates of the complex BACE-1/I-5 have not been
published, we have generated them from the 2VNN complex
by replacing the m-(trifluoromethyl)benzyl moiety in this com-
plex (23) by a cyclopropane fragment, using as a template the
conformation of inhibitor I-3, which also has the same fragment
at its C-terminal end.
(b) pKa and Binding Affinity Prediction. The pKa values
for all titrable residues at a range of pH values (2-12) were
calculated by the protocol proposed by Spassov and Yan (19),
implemented in Discovery Studio and named Calculation of
Protein Ionization and Residue pKa. This protocol, which
employs a generalized Born approximation to reproduce
solvent effects, allows for the iterative determination of the
pKa of interacting residues. The internal and external dielectric
constants used in these calculations were 10 and 80, the ionic
strength was 0.145, and the energy cutoff for clustering was
0.5 kcal/mol. The charges used in these calculations were
obtained from the CHARMM force field (28). The protocol
used here for the prediction of the pKa value of ionizable
residues (see Spassov and Yan (19)) applies to all residues of
the protein and to the amino acids that form part of the
inhibitor. Hence, this algorithm was able to predict the pKa
values (and hence the protonation fraction at a given pH) for
the acidic amino acids in inhibitors I-1 and I-2 and the
ionizable groups at their N- and C-terminal ends. The amino
groups of inhibitors I-3 to I-5 may have a pKa value as high as
10 or 11, and hence we have left them charged.
These calculations produce titration curves that depict the
degree of protonation of each ionogenic residue at every pH
value. The DS module also generates the preponderant pro-
tonation state at a given pH value, placing a proton on all
residues that have a protonation fraction above 0.5. In some
BACE-1-inhibitor complexes it was found that some residues
(i.e., Asp228) have a protonation fraction just below 0.5. In
this case, the alternative protonation state (i.e., protonated
Asp228) was also generated and used for affinity calculations
(see below).
For our binding affinity calculations we chose the protonation
states predicted as the prevalent ones at pH 4.5 and 7.4 on the
basis of the calculated protonation fraction for each residue by
the pKa predictor DS module. The resulting structures were sub-
jected to a multistep molecular mechanics optimization protocol.
The first part incorporated two energy minimization protocols
devoted to optimize the proton position and the hydrogen
bond ligand-protein network observed in the crystallographic
structure. In the first EM we fixed all heavy atoms, while in
the second we placed NOE constraints on the heavy atoms
that participate as donors and acceptors in hydrogen bonds
between the ligand and the protein. Each of the EM had two
segments: the first one was an EM steepest descent segment of
2000 steps, and the second one was a stage of 50000 steps with
an ABNR optimization protocol. The tolerance gradient in all
of these calculations was 0.001 kcal/(mol A˚2). The resulting
structure was subjected to a NVT molecular dynamics (MD)
protocol close to 0.5 ns in length, consisting of 6 ps of heating,
60 ps of equilibration, and 400 ps of production at 300 K. For
all of the EM and MD calculations we used an implicit
solvation term based on the generalized Born approach with
simple switching (GBSW) (29). In the MD production stage
molecular conformations were collected every 2 ps for sub-
sequent ligand-protein analysis by a scoring function built
upon the difference in energy between the enzyme-inhibitor
complex and its components and averaged over a set of MD
generated conformations. Hence the binding affinity scoring
function can be written as
ÆΔGbindæ ¼ ÆΔGmmðP : LÞ-ΔGmmðPÞ-ΔGmmðLÞ
þΔGgbðP : LÞ-ΔGgbðPÞ-ΔGgbðLÞæ ð1Þ
where ΔGmm and ΔGgb indicate the molecular mechanics
CHARMM force field (28) and the GBSW solvation (29)
components, respectively, for the protein-ligand complex
(P:L), protein (P), and ligand (L).
All of the EM,MD, and analysis calculations were performed
with the CHARMMsuite of programs (30) in the 2400 processor
Finisterrae supercomputer facility available at the Supercomput-
ing center of Galicia (CESGA).
RESULTS AND DISCUSSION
(1) Interaction Analysis. The interaction of the BACE-1
inhibitors selected for this study (Table 1) with BACE-1 was
analyzed at pH 4.5 and 7.4 (Figure 1). There were significant
differences in the interactions for the different compounds and
the two conditions. Compounds I-3 to I-5 interacted reversibly
with the enzyme at both pHvalues (Figure 1). The affinities could
be estimated (Table 2) by globally fitting a 1:1 interaction model
with mass transfer limitation to the complete association and
dissociation phase data. Due to the slow dissociation rates, the
kinetics or affinities could not be determined for I-1 and I-2 at pH
4.5 and for I-6 at both pH values. KD values were defined to be
below 10 nM for the sake of the quantitative analysis. The slow
dissociation should be borne in mind when interpreting enzyme
inhibition data for these compounds as steady-state inhibition
experiments assume that the interaction is reversible, which
clearly may not be the case.
(2) Titration Behavior of Ionogenic Residues. (a) Active
Site Asp Dyad Protonation State. Figure 2 shows the
calculated titration curves for the Asp dyad residues for the
complexes studied here. It depicts the protonation fraction (X),
the amount of each of the Asp dyad side chain residues that is
protonated, as a function of the pH value. The most common
feature in this figure is that the residue Asp32 stays protonated at
a larger range of pH values than its Asp dyad partner, Asp228.
Nevertheless, the chemical structure of the inhibitor seems to
have a very strong influence on the actual shape of the titration
curves and specifically on the protonation fraction at the pH
values we are most interested in (i.e., 4.5 and 7.4). For instance,
when BACE-1 is bound to peptidic inhibitors with a hydro-
xyethylene (HE) group in their isostere (1FKN, 1M4H) (13, 20),
bothAsp dyad partners remain protonated until or beyond pH 6,
due to their large pKa shift from their solution value (around 3.9),
leading to a doubly protonated state at pH 4.5 and mainly a
monoprotonated state at pH 7.4 for the Asp dyad. On the other
hand, our calculations predict that the presence of an amino
group that interacts with one or both members of the Asp dyad
(2B8L (21), 2VNN analogue (23), or 2IRZ (22)) reduces their pKa
to values closer to the ones in solution (especially for the case of
Asp228). The difference between theHE-based inhibitors and the
latter type of ligands may reside in the fact that the ammonium
grouphas a high pKa value (ca. 10) andwill remain charged inside
the protein, providing a polar environment that helps to lower the
Asp residue pKa values. For this reason, the inhibitors containing
hydroxylethylamine (HEA) or those containing an amino group
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promote a monoprotonated dyad at a low pH value. At a higher
pH value (7.4) this effect leads to an Asp dyad monoprotonated
state (2B8L, 2VNN analogue) or to a fully doubly charged Asp
dyad as in the case of the complex 2IRZ.
Our calculations are at variance with the consensus that was
built by inference from experiments on other aspartic proteases
(HIV-1 PR (31, 32), endothiapepsin (33), etc.) and from the
calculations performed on the BACE/OM99-2 complex (16-18).
The computer-assisted studies of the dyad protonation state
reached a consensus that the Asp dyad is monoprotonated, but
they disagree on which Asp residue the proton resides (2). The
earliest attempt to assign a charge to the catalytic dyadwas based
on molecular dynamics (MD) simulations of the X-ray structure
of the β-secretase complexed with OM99-2 in solution (16). The
starting points for the MD simulations assumed a charge of -1
for the Asp dyad but differed on the charge assignment, with
either the Asp32 or theAsp228 ionized. Their results indicate that
a neutral Asp32 and ionized Asp228 combination is the only
option that maintains the intricate network of hydrogen bonds
around the Asp dyad observed in the X-ray structure (16). This
outcome is in agreementwith our results for the 1FKN complex at
high pH value, the one used for the determining its structure by
X-ray crystallography. Nevertheless, as pointed out above, our
calculations suggest that the dyad is totally neutralized at the pH
at which the enzyme presents its highest activity (pH 4.5). Other
calculations carried out on the 1FKN complex, like the linear
scaling quantum approach, supported a monoprotonated state
Asp dyadwith a neutralizedAsp228 and a chargedAsp32 (17), in
contrast to the conclusions based on the titration curves pre-
sented here.
(b) Total Formal Charge as a Function of pH. Most
previous calculations aimed at studying the active site proton-
ation state of BACE-1 have not taken into account the effect of
the pH (16-18). Furthermore, the aim of the only pH-related
study was to elucidate the Asp dyad protonation state and to
apply it to an in silico screening of a large number of compounds
with high chemical diversity (15). As far as we can judge, no effort
has been made to study the protonation state of other ionizable
residues. For most proteins that would not be a problem since
most of the charged residues will be accessible to solvent and
hence would remain charged for all pH values of interest. The
aspartic protease family (to whom BACE-1 belongs) represents
an exception in this regard, since they have a substantial number
of titrable acidic residues that are partially or totally buried inside
the protein. For this reason their pKa values could be substan-
tially larger than those ofmodel compounds in solution, an effect
that would depend on the polarity of the microenvironment
where they are buried. Figure 3 graphically shows the BACE-1
charged states of the titrable residues. Perusal of this figure
indicates that a number of acidic residues get ionized as the pH
value increases. We have partly quantified this effect in Table 3,
which lists the calculated pKa values of the BACE-1 buried acidic
residues. The results shown in this table indicate that the biggest
shift in pKa with respect to their values in solution is experienced
by the residues of the active site Asp dyad. Interestingly enough,
some of the buried acidic amino acids that experience a rise in
their pKa values are Glu residues, while some of the Asp residues
reduce their pKa value. Scrutiny of the 1FKN structure indicates
that some of the buried amino acids manage to keep low pKa
values (shown in Table 3) because they reside in a buried polar
microenvironment, where sometimes they can form ion pairs
with basic residues. Many of the residues listed in Table 3 have a
pKa value between 4.5 and 7.4 and hence will undergo a change in
protonation state upon a pH increase, a result that will translate
into changes in the catalytic efficiency as well as ligand affinity,
the issue that will be discussed below.
(3)Evaluating BindingAffinities at Different pHValues.
The starting point for the evaluation of the effect of the pH on
ligand binding affinities was the structure of the BACE-1-ligand
complexes in which the ionogenic residues are in their prevalent
protonation states (as predicted by their calculated degree of
protonation). In some systems the degree of protonation of the
acidic residues, such as Asp228 (a member of the Asp dyad), is
only slightly lower than 0.5, as in the case of the 2B8L complex.
Hence, our calculations predict nonnegligible populations in the
neutral charge state for residues such as Asp228. In order to
estimate the effect of the “minority” Asp dyad protonation state,
we evaluated the ranking by using our scoring function (see eq 1
FIGURE 1: Interaction data for inhibitors I-1 to I-6 with BACE-1.
The sensorgrams were normalized to the theoretical maximum
signal estimated from the mass of the inhibitor and the amount of
immobilized protein. A 1:1 binding model with mass transfer was
fitted to the complete association and dissociation data, shown as
solid lines, and the corresponding KD values are given. For interac-
tions where the affinities could not be estimated, an upper limit is
given.
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in Materials and Methods section) with the alternative Asp228
protonation state as well. The final inhibitor affinity prediction
was obtained by weighting the calculated scoring function of the
BACE-1-ligand complexes in both protonation states by each of
the protonation fractions calculated at the relevant pH value.
Table 2 displays the dissociation constants (KD) obtained by SPR
biosensor experiments, together with the results of the affinity
scoring at both pH values calculated from eq 1. The energy values
in this table were the result of an average over the 100 confor-
mations with the lowest scoring function values. Including all
conformations from the MD production trajectory did not
change any of the binding trends calculated as indicated before
(results not shown). Values in parentheses refer to the weighted
scoring function, when the fraction of the protonated state for
this residue is very close to 0.5.
Table 2 enables us to compare the calculated binding ranking
of the inhibitors with the experimental one. As seen from this
table, our scoring function reproduces the ranking of binding
for every inhibitor upon a pH increase. For instance, our calcula-
tions show that the ligands that contain an isostere with a
Table 2: Cell Assay Data and pH Effect on Experimental and Calculated Affinity Values
KD (nM)
c scoring function (kcal/mol)d
PDB code inhibitor cellular IC50 (nM)
b pH 4.5 pH 7.4 pH 4.5 pH 7.4
1FKN OM99-2 (I-1) 940 <10 617( 2.8 -65.0( 3.4 -57.2( 3.1
(-55.0( 3.3)
1M4H OM00-3 (I-2) <10 171( 19 -71.4( 2.8 -53.0( 3.4
(-53.1( 3.3)
2B8L I-3 22 93( 17 16( 3 -59.8( 3.3 -61.0( 3.0
(-58.4( 3.3)
2IRZ I-4 86 105( 34 42( 20 -45.8( 3.8 -53.2 ( 2.4
2VNNa I-5 3 4( 0.3 5( 0.8 -45.2 ( 3.6 -45.5( 3.9
2VKM I-6 0.1 <10 <10
a2VNN analogue. bInhibition ofAβproduction inHEK293 cells stably transfectedwith SwedishmutantAPP. cThe standard deviations are based on at least two
independent experiments. dValues in parentheses were calculated by weighting the affinities with their protonation fraction states when those values are close to 0.5.
FIGURE 2: Titration curves for the active site Asp dyad in BACE-1. The titration curves show the fraction protonated (X) as a function of pH for
Asp32 (black squares) and Asp228 (white triangles) in the BACE-1-inhibitor complexes studied in this work.
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hydroethylene motif are predicted to have their highest affinity
for the protein at the pH value at which the enzyme has the
highest catalytic activity (4.5), in agreement with the observed
affinities. This trend stands to reason since the isosteres in
these inhibitors (OM99-2 and OM00-3) are transition state
analogues and their ligand binding affinity ranking upon pH
change should mimic that of the pH dependence of substrate
binding (34). When the anchoring motif to the Asp dyad is an
amino group, this trend inverts, and the highest affinity is
observed at pH 7.4, also in agreement with experiment. The
rationale behind this behavior could be possibly found in the
charged nature of the amino group. As pointed out above (see
section 2a), this group has a pKa value around 10 in solution
and would likely remain protonated inside the protein and
induce the ionization of the Asp dyad, resulting in the
formation of a salt bridge between both charged groups and
hence raising the affinity of the ligand for the protein at this pH
value. The KD values obtained from SPR biosensor experi-
ments indicate that those inhibitors with a mixed isostere’s
anchoring motif (i.e., those with a hydroxylethylamine motif)
have a mixed behavior regarding the optimal pH for inhibitor
binding to the protein, a trend that is predicted by our scoring
function calculations as well. As can be seen from Table 2
compound I-5 shows almost equalKD at both pH values, while
compound I-3 has a higher affinity for the enzyme at higher
pH. In the case of the 2B8L complex, the resulting binding
affinity pH dependence could be traced back at least in part to
the Asp dyad possible multiple protonation state. While the
Asp32 has a predicted pKa value of 8.4 and hence will remain
protonated at both pH values, the other member of the Asp
dyad (Asp228) has a pKa value only slightly lower than 4.5 (see
Table 3), which will result in an almost equal population of
charged and uncharged species at the lower pH. In this case we
have performed a weighted binding affinity prediction as
described in our Materials and Methods section. As seen from
Table 2, the results agree slightly better with the KD trend,
when we average the binding affinities for the enzyme in both
Asp228 protonation states, using as weights the fraction of
protonation state of the Asp228 in both protonated states.
Furthermore, the affinity rankings for all of these inhibitors
(with the exception of I-5) are well reproduced at low pH by our
scoring function, in spite of its simplicity and absence of any
adjustable parameters. For instance, our scoring function predicts
that the transition state analogue inhibitors (e.g., OM99-2 and
OM00-3) are more potent than the HEA or amino-containing
inhibitors at low pH, in agreement with the experimental KD
values. Although the slow dissociation of compounds I-1 and I-2
prevented the affinities to be estimated by the biosensor-based
interaction experiments, FRET-based inhibition assays using the
ectodomain region of BACE-1 indicate that the latter inhibitor
is more potent than the former (data not shown), in agreement
with our scoring function predictions (20). Our scoring func-
tion does not reproduce the experimental affinity trends as
well amongst inhibitors at the higher pH values or across pH
values.
(4) Correlation between Binding Affinities at Acidic and
Neutral pH with Cell Activity. Since aspartic proteases
generally present their highest activity at acidic pH values, it is
believed that they act in cell compartments where the pH is low.
Nevertheless, BACE-1 is found at the cell surface where pH is
neutral. Furthermore, it was found recently that some BACE-1
inhibitors based on aminoheterocyclic fragments have a cell
readout activity in the low micromolar range and an enzyme
affinity in the same range at pH close to neutral (6.5) (35). As seen
Table 3: pKa Values for Buried Residues
PDB code
residuea 1FKN 1M4H 2B8L 2IRZ 2VNNb
Asp 32 10.46 10.35 8.35 6.88 8.67
Asp 83 4.49 4.74 4.79 4.87 4.83
Asp 138 2.98 3.11 3.23 3.38 3.41
Asp 228 7.26 7.68 4.47 4.01 4.11
Asp 311 3.04 3.53 3.88 3.59 3.62
Asp 346 4.46 4.46 4.55 4.59 4.49
Asp 363 3.34 3.25 3.08 3.06 3.24
Glu 116 5.66 6.07 5.95 6.09 5.80
Glu 200 5.95 5.63 5.50 5.52 5.43
Glu 207 4.79 4.67 5.02 5.02 4.60
Glu 219 4.40 4.38 4.06 4.61 4.57
Glu 339 6.72 6.73 6.10 6.26 6.44
aThe pKa values for Asp and Glu residues in solution are 3.9 and 4.2,
respectively. b2VNN analogue.
FIGURE 3: Charged residues as a function of pH value calculated for
the 1FKN complex. The upper panel corresponds to pH 4.5 and the
lower panel to pH 7.4. Acidic residues are depicted as red and basic
residues as blue spheres. The inhibitor is drawn in yellow sticks. The
complex is represented by its water-accessible surface (shown in
gray).
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fromTable 2, the cell assays performed in our laboratory indicate
that those inhibitors that have a high enzyme affinity at both high
and low pH values (i.e., those inhibitors with aHEAmoiety) also
show high activity at the cellular level. A possible explanation for
these results is that although BACE-1 is catalytically active once
transported to endosomal vesicles where the pH is acidic, only
compounds that also interact with the enzyme at neutral pH will
be cotransported with the enzyme into this compartment. Hence,
compounds that bindBACE-1well at acidic as well as neutral pH
values could in principle be good candidates for optimal perfor-
mance at the cellular level, a design avenue for cell active
compounds which we are going to explore for a larger number
of compounds. The results presented here indicate that our
computer-assisted protocols for the evaluation of the pH depen-
dence could be ideally suited to assist in the design of cell active
analogues.
In conclusion, we have studied the effect of pH on the binding
affinities of a group of BACE inhibitors with a variety of che-
mical motifs by SPR. The seemingly incongruous experimental
pH effect on the binding affinities was explained with the help of
molecular mechanics-based calculations. The synergy between
both approaches provides a number of interesting insights into
the molecular recognition processes at a molecular level that
underlie the observed binding affinities at different pH values.
To the best of our knowledge the important issue of the depen-
dence of ligand affinity on the ionization states of the protein
residues and the ligand has only been sparingly addressed in the
literature (36).
Our calculations reproduce the entire observed affinity rank-
ing upon pH increase and most of the binding trends among
inhibitors at low pH values. The agreement between the observed
and calculated binding ranking lends support for the pKa assign-
ments afforded by the simple protocol used here, indicating
that pKa calculations by an approximation to the Poisson-
Boltzmann approach have come a long way (19) and their
outcome may rival that of more sophisticated protocols.
The binding pH dependence could be traced back to the pro-
tonation state of the titratable residues in the pH range studied.
The results indicate that the pKa values of the protein titratable
residues, especially those that are close to the inhibitor, depend
strongly on the nature of the ligand involved, in disagreement
with earlier work (14, 15). Perusal of the predicted Asp dyad pro-
tonation states underscores the pKa dependence on the inhibitor’s
chemical nature. Our calculations indicate that inhibitors with
theHE isosteremotif (i.e.,OM99-2 andOM00-3) induce a dipro-
tonated state at low pH (4.5), while the probability of a mono-
protonated Asp dyad increases at higher pH (i.e., 7.4). Other
isosteres, which include an amino group as its binding motif to
the Asp dyad, lower the Asp dyad pKa values (see Figure 2 and
Table 3), generatingmonoprotonated and fully ionized Asp dyad
states at both pH values. In a few cases, the Asp dyad can be
populated by two alternative protonation states that could be
taken into account in order to get a result that is more in line with
the observed binding affinities.
Our results suggest that it might not be advisible to perform an
in silico HTS search of fragments or BACE-1 putative ligands
with one single protonation state across the board, as done
previously by several research groups (14, 15). More likely, the
ligands would have to be classified in accordance with the
protonation state they can elicit from the Asp dyad, and then
the HTS screening could proceed with several enzyme targets
differing in their protonation states.
As pointed out above, the pH values of the medium surround-
ing BACE-1 vary with the cell compartments where the enzyme
is located. Nevertheless, we have shown in this work that the
inhibitor activity at cell level may be related to high inhibi-
tory potency at both acidic and neutral pH values. Computer-
aided design based on the protocols introduced in this work
could be very valuable in the search of inhibitors that exhibit this
trait.
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ABSTRACT: β-Secretase is one of the aspartic proteases involved in the formation of amyloid plaques in Alzheimer’s disease
patients. Our previous results using a combination of surface plasmon resonance experiments with molecular modeling calculations
suggested that the Asp dyad in β-secretase bound to hydroxylethylene containing inhibitors adopts a neutral charged state. In this
work, we show that the Asp dyad diprotonated state reproduced the binding ranking of a set of these inhibitors better than alternative
protonation states.
’ INTRODUCTION
Alzheimer’s disease (AD) is a widespread, neurodegenerative,
dementia-inducing disorder, characterized by the formation of
amyloid plaques in the brain.1 The genesis of this construct is
catalyzed by a tandem of two proteases identiﬁed as β- and γ-
secretases.1,2 It is known that the former enzyme (also referred to
as BACE-1 andMemapsin 2) participates in the rate-limiting step
of the hydrolytic process that leads to the APP fragments,13 a
fact that has converted β-secretase into a major target for drugs
against Alzheimer’s disease.2,4,5
There are several issues related to the computer-aided design
of novel ligands that could enhance the success of in silico high
throughput screening protocols but that have not been fully
addressed yet. One of the most vital ones is the protonation state
of themany buried acidic residues found in this protein, including
the active site Asp dyad, which lends to this enzyme an optimal
catalytic activity at low pH.3
There have been many attempts to predict the charged state of
the active site Asp dyad by computational methods.69 The results
of those calculations support the hypothesis that the most favored
Asp dyad charge state is the one that has only one of the Asp
residues protonated. Nevertheless, quantum mechanical (QM)
based calculations have left open the possibility that the Asp dyad
might be neutral at the acidic optimal pH of the protein.8
Recently, we have determined the eﬀect of the pH on the
aﬃnities of a set of inhibitors with a variety of chemical motifs to
the ectodomain BACE-1 region by a surface plasmon resonance
(SPR) biosensor based assay.10 To understand the molecular
interactions that underlie the diverse optimum pH for the
binding of the various inhibitors as observed experimentally,
we calculated the titration curves for a set of BACE-1 ligand
complexes.10 One of our most striking results of that work relates
to the protonation state of peptidic inhibitors with hydroxylethy-
lene (HE) based isosteres. For these inhibitors, our calculations
predicted that the Asp dyad will be diprotonated at low pH, as
opposed to all previous studies that pointed to a monoproto-
nated Asp dyad state.10
To further investigate this issue, in this work we have assembled
a set of transition state analogue peptidic inhibitors with HE
isosteres (see Table 1), some of which have been already synthe-
sized and tested by other authors, while others have been produced
and assayed by our group. Using molecular mechanics based
protocols we show that the diprotonated state reproduced the
binding ranking of our set of peptidic inhibitors better than the
ones based on either of the monoprotoned Asp dyad bearing
enzymes proposed by previous studies,69 a result that provides
further support to our enzyme’s charge assignment when bound to
this type of transition state analogue inhibitors. Finally, we discuss
the proposed Asp dyad protonation state in relation to the possible
existence of low barrier hydrogen bonds (LBHBs) in these systems.
’RESULTS AND DISCUSSION
Chemistry. The δ-amino acid isosters of inhibitors 3 and 4
were prepared as shown in Scheme 1, through a methodology
that allows the introduction of a variety of side chain groups at
P1/P10 using as a key intermediate the oxiranelactone 9, easily
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prepared from D-glucono-1,5-lactone (7). Thus D-glucono-1,5-
lactone (7) was transformed into lactone 8 by following a
procedure described in the literature,11 and this lactone, 8, when
treated in basic media with potassium carbonate in acetone, gave
quantitatively the expected oxiranelactone 9.
Key intermediate lactone 9 was ﬁrst alkylated at C-6 when
treated with isopropylmagnesium chloride to give compound 10
in 50% yield. The hydroxyl group in 10 was then transformed
into the corresponding mesylate by treatment with methanesul-
fonyl chloride, followed by reaction with sodium azide to give
azidolactone 11 in 89% yield. Alkylation of lactone 11 at C-2
position with LDA and subsequent addition of acetone aﬀorded,
in a 67% yield, compound 12a, with all the functionality needed
for the ﬁnal isoster. To transform compound 12a into the δ-
amino acid isoster 14a, compound 12a was reduced at the azido
position with hydrogen, using a mixture of palladium/carbon as
catalyst, and the resulting amine treated in the reaction mixture
with tert-butoxycarbonyl anhydride to give compound 13a in
95% yield. Elimination of the alcohol group in 13a when
submitted to reaction with methyl chlorooxoacetate and triphe-
nyltin hydride, using AIBN as starting radical reaction reactive,
gave the expected compound 13c in 70% yield. Finally com-
pound 13cwas transformed into the isoster 14a in a 76% yield by
following a previously described procedure.12
The isoster 14b was prepared by an easier version of the
protocol that aﬀorded compound 14a because alkylation at
position C-2 of the lactone can be done directly. Thus, the
intermediate lactone 11 was alkylated at C-2 position by treating
it with LDA followed by methyl iodide to give 12b in 70% yield.
Azide 12b was then reduced to amine with hydrogen, using
palladium/carbon as catalyst, and the amine protected in the
reaction medium with tert-butoxycarbonyl anhydride to give 13b
in 95% yield. Finally compound 13b was transformed into the
isoster 14b in 82% yield following a described procedure.12
The above synthetic procedure for preparing the δ-amino acid
isosters presents two advantages over previous approaches
described in the literature. In the ﬁrst place, the protocols
presented here improve previous synthetic routes for the prepara-
tion of the oxirane intermediate 9 starting from a sugar.13 Second,
our synthetic strategy aﬀords the insertion of any alkyl group at
position C-5 in the lactone, a feature that will enable the synthesis
of isosteres with a variety of side chain fragments beyond those that
could be obtained from commercially available R-aminoacids.14
Binding Affinity Prediction. Table 1 lists the peptidic in-
hibitors studied here and their BACE-1 inhibitory activity
expressed as IC50 and/or Ki values whenever available. This
table also displays the partition into fragments for inhibitor 1
(OM99-2) following the rules of Schechter and Berger.15 Having
as a reference inhibitor 1, compound 4 introduces an Alaf Val
replacement in P10. Studies on the substrate subsite specificity of
BACE-1 by the group of J. Tang16 indicate that the S10 site is ill
suited for bulky chains like those in Trp, Phe, or Val, the one that
is found in the inhibitor 4. Perusal of the IC50 values indicates
that its presence increases the IC50 value (as compared to 1) by
9-fold, in agreement with the predictions of the substrate
fragment specificity.16
On the other hand, the ligand 3 introduces three aminoacid
substitutions in the N-terminal segment of 1: the Asnf Asp at
P2, the Valf Ile at P3, and the Gluf Gln at P4. The substrate
speciﬁcity studies predict that while Valf Ile replacement at P3
should increase the enzyme aﬃnity, the Asnf Asp at P2 and the
Gluf Gln at P4 modiﬁcations will decrease it.16 In accordance
with this line of thought, inhibitor 3 has a lower BACE-1
inhibitory activity (higher IC50 value) than 1, indicating that
the substitution at P3 does not compensate for the detrimental
eﬀect of the modiﬁcations at P2 and P4.
Table 1. Inhibitors Studied in This Work and Their Experi-
mental BACE-1 Inhibitory Activity
a See SI for details on IC50 evaluation.
bData from ref 17. cData from ref 16.
Scheme 1. Total Synthesis of δ-Amino Acid Isosters 14a and
14ba
aReagents and conditions: (a) as in ref 11; (b) K2CO3, acetone, rt, 20 h;
(c) iPrMgCl, Li2CuCl4, THF,78 C, 30min; (d)MsCl, pyridine, 0 C,
5 h; (e) NaN3, DMF, 80 C, 12 h; (f) LDA, THF, 78 C, 1 h; (g)
acetone for 12a and MeI for 12b; (h) H2 (1 atm), PdC (10%),
(Boc)2O, AcOEt, rt, 5 h; (i) ClCOCO2Me, DMAP, Et3N, THF, 0 C, 1
h and then HPh3Sn, AIBN, toluene, 110 C, 3 h; (j) LiOH (1M), DME,
rt, 12 h; (k) ClTBDMS, imidazole, DMF, rt, 15 h; (l) MeOH, rt, 2 h.
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Finally, inhibitors 5 and 6 were originally the result of a second
iteration drug design cycle aimed at reducing the size and
molecular weight of BACE-1 inhibitors like 1 and 2 (OM00-3),
based on the realization that in spite of the large size of this
protein, the active site of BACE-1 is smaller than that of other
aspartic protease enzymes.17 While the parent compounds
extended from fragment P4 to P40, the analogues 5 and 6 cover
a shorter span from either P4 to P30 in 6, or from P3 to P30 in 5. It
was found that in agreement with the design premises, some of
the shorter compounds were very potent BACE-1 inhibitors.17
As seen in Table 1, the experimental data obtained in this work
using an in vitro peptide cleavage FRET assay, together with the
data extracted from the literature,16,17 point toward the following
BACE-1 inhibitory activity:
2 > 1 ∼ 6 > 3 > 4 > 5
One of the main aims of this work is to compare the ligand
binding aﬃnities generated by a diprotonated BACE-1 Asp dyad
proposed in our recent work10 with that of monoprotonated
states proposed by other groups.69 For this sake, we carried out
a very careful and involved docking by homology, having as a
template the X-ray structure of the complex between BACE-1
and inhibitor 1 (pdb code 1FKN).18 Once the starting docked
structures were obtained, we proceeded to calculate the pKa
values for all titratable residues by the protocol of Spassov and
Yan19 at pH 4.5, a value close to the optimal pH of the enzyme
(see Supporting Information (SI) for details). These calculations
produce titration curves that depict the degree of protonation for
each ionogenic residue at every pH value. Our pKa calculations
indicate that the catalytic Asp dyad of all BACE-1/inhibitor
complexes studied here will be neutral. To illustrate this issue, we
display the titration curves for the Asp dyad residues (see Figure
S1, SI) elicited by the presence of 1 and the shortest inhibitors 5
and 6. As seen from this ﬁgure, both Asp residues have an almost
constant protonation fraction close to 1, even at pH values
around 7, indicating that the Asp dyad will remain neutral in the
acidic medium optimum for the enzymatic activity. Moreover,
the protonation fraction pH dependence graphs indicate that the
Asp 32 has a higher pKa value than Asp 228 and hence will remain
protonated at higher pH.
To include the alternative monoprotonated states, we selected
additional starting structures with single charged Asp dyads,
predicted by previous studies.7,8 To assess the eﬀect of the
monoprotonated Asp dyad on the charge state of the remainder
titratable residues, we ﬁxed the Asp dyad in a monoprotonated
state (with the Asp 228 charged) and proceeded to recalculate
the pKa values of the remainder titratable residues, using the
protocol described above, and in detail in the SI. The speciﬁc Asp
dyad charge assignment for this calculation was based on the
ionization proclivity (see Figure S1, SI). Our results indicate that
the pKa values of the other residues do not vary, implying that in
this protocol the Asp dyad charge has a marginal eﬀect on the
titration of the other ionogenic residues (results not shown). The
resulting structures with the protonation states that included
monoprotonated and diprotonated catalytic dyads were used in
our molecular mechanics (MM)/molecular dynamics (MD)
protocol, aimed at generating binding poses for each protonation
state. The ﬁnal production stage of the MD protocol was used to
calculate the binding aﬃnity scoring function for each of the
inhibitors listed in Table 1 (see SI for details).
Table 2 lists the binding scoring function values for the three
Asp dyad protonation states studied here. The ﬁrst column
contains the scoring function values for the charge distributions
calculated in this work, which include a neutral Asp dyad. The
other columns list the scoring function for the enzyme with the
Asp dyad in the monoprotonated states supported by previous
calculations.69 To assess the eﬀect of the rest of the ionogenic
residues, we carried out two simulations for the case where the
Asp 32 is protonated. In the ﬁrst one, we used the predicted pKa
values of the titratable residues other than the Asp dyad, and in
the second one, we left those residues with their individual charge
assignment in solution at pH 7.
Perusal of Table 2 indicates that the predictions based on the
Asp dyad for the two possible monoprotonated states are
unsuccessful in correctly ranking these ligands. For instance, the
ranking prediction based on the protonated Asp 228 points to 4 as
the top binder, while 2 is estimated to be one of theworst, contrary
to the experimental observations. The binding aﬃnities calculated
with protonated Asp 32, predict that 1 is one of the worst binders,
while 4 one of the best, at variance with the experimental results,
regardless of the charge state of the rest of the titrable residues. As
seen from this table, only the calculations carried out with an Asp
dyad in the doubly protonated state came closer to rank properly
the inhibitors studied here. For instance, calculations carried with
a neutral Asp dyad are the only ones to identify 2 as the inhibitor
with the highest aﬃnity and 4 as next to worst binder, in
agreement with the experimental results (see Table 1).
All previous calculations started from the premise that the Asp
dyad is monoprotonated, but they disagreed on which Asp
residue the proton resides.2 The earliest attempt to assign a
charge to the catalytic dyad was based on MD simulations of the
X-ray structure of the β-secretase complexed with inhibitor 1 in
solution.7 Their results indicate that a neutral Asp32 and ionized
Asp228 combination is the only option that maintains the
intricate network of hydrogen bonds around the Asp dyad
observed in the X-ray structure.7 This outcome is in agreement
with our recent results10 for the 1/BACE-1 complex around a
neutral pH, the one used for the determining its structure by
X-ray crystallography.
Nevertheless, as pointed out above, our calculations suggest
that the dyad is totally neutralized at the pH at which the FRET
based enzyme inhibition assays have been carried out and at
which the enzyme presents its highest activity (pH 4.5). Other
calculations carried out on the 1/BACE-1 complex, like the linear
scaling quantum approach,8 supported a monoprotonated state
Asp dyad with a neutralized Asp 228 and a charged Asp 32, also in
Table 2. Binding Aﬃnities Scoring Function Values Calcu-
lated for the Docked Poses with the Catalytic BACE-1 Asp










1 (OM99-2) 95.5( 2.1 89.2( 1.7 91.8( 2.8 80.9( 1.0
2 (OM00-3) 99.1( 1.5 91.6( 2.0 84.8 ( 1.7 77.7( 1.5
3 95.7( 1.4 98.0( 2.0 90.1( 2.3 98.4( 2.6
4 95.2( 1.2 97.0( 2.6 101.9( 2.4 93.9( 2.8
5 75.0( 1.4 76.6( 2.0 76.8 ( 2.0 77.0( 2.1
6 96.2( 2.2 94.6( 1.7 95.7( 1.1 91.4( 2.0
a Energies are in kcal/mol. bThe ionizable residues charge states were
calculated according to the protocol described in the SI. cThe ionizable
residues, other than those in the Asp dyad, were assigned following their
pKa values in solution at pH 7.
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disagreement with the conclusions based on our binding aﬃnity
predictions. Nevertheless, the authors of this QM study found
out that a diprotonated state could be accessible at optimal
enzyme pH given the rather small energy diﬀerence found with
the monoprotonated state.8 The only other study that evaluated
the protonation state for the Asp dyad from the calculated
titration curves is the one carried out by Polgar and Keser€u.6
From these curves, they surmised that the Asp dyad should be
monoprotonated, with the proton located at Asp 32. Never-
theless, perusal of their titration curves indicate that the proton-
ation fraction at pH 4.5 (close to the enzyme’s optimal pH) is
well above 0.5 for both Asp residues, indicating that the Asp dyad
should be diprotonated at that relevant pH value.
There have been a large number of studies on the Asp dyad
protonation state of other aspartic proteases. The results are not
unambiguous, but they support the idea that the dyad charge will
depend on the nature of the inhibitor and of the aspartic protease
studied. For instance, NMR studies combined with Poisson
Boltzmann calculations carried out on the HIV-1 PR, an aspartic
protease that is the target for many AIDS drugs, support the
premise that there are some HIV-1 PR inhibitors (cyclic ureas)
that elicit a diprotonated Asp dyad, while others, like KNI-272,
produce a monoprotonated Asp dyad.20 Our recent results
performed on a chemically diverse set of BACE-1 inhibitors also
support the ligand dependence of the Asp dyad protonation
state.10
One of the most stringent experimental tests on the Asp dyad
protonation state proposals will be a neutron diﬀraction struc-
tural determination for some of the BACE-1 inhibitor complexes
studied here. Previously, neutron diﬀraction combined with
X-ray studies in endothiapepsin (a fungal aspartic protease)
bound to a gem-diol inhibitor implied the possible existence of
low barrier hydrogen bonds (LBHB), characterized by short
distances between one of the inhibitors hydroxyl groups and the
oxygens of the Asp dyad (∼2.50 Å).21 There has been some
debate about which kind of experimental observables or com-
puted variables should be used to unambiguously identify a
LBHB, and some authors have even disputed its very existence.22
Nevertheless, the compact hydrogen bonds (HBs), which sup-
port the existence of LBHBs, have been observed in several
X-ray structures of ligand bound aspartic proteases, besides
endothiapepsin, like in HIV-1 PR23 and BACE-1 bound to
peptidic inhibitors,18 suggesting that LBHBs may be a common
feature for some aspartic proteaseinhibitor complexes. It has
been posited that in LBHBs, the proton that mediates the HB
could undergo tunnelling, from the energy well located next to
hydroxyl oxygen to the one next to the carboxylate oxygen.21 In
such a system, the proton could be found at both positions (see
Figure 1B), resulting in the dispersion of the negative charge of
the Asp residue. It may be argued that the tunneling in the LBHB
populates the Asp dyad diprotonated state, and hence it may be
claimed that among the three active site charge distributions
studied here (two monopronated and one diprotonated states),
the latter could be a compromise molecular mechanics repre-
sentation of the entities implied by LBHB (Figure 1). The
improved ranking provided by including a neutral Asp dyad over
the alternative monoprotonated states (shown in this work)
could be a result of a better representation of the LBHB in
molecular mechanics simulations. There has been an increased
body of work aimed at identifying and characterizing LBHBs in
enzymes since they were proposed among others by the group of
Frey.24 In the case of aspartic proteases, quantum mechanical
(QM) or quantum mechanical/molecular mechanics (QM/
MM) studies have been applied to the unbound enzymes of
this family25 and enzymes bound to phosphinate and phospha-
nate containing inhibitors.26 Nevertheless, no calculations of this
kind have been applied to aspartic proteases bound to HE
peptidomimetic transition state analogue inhibitors. At present,
we are involved in the development of quantum mechanical
protocols that would overcome some of the shortcomings of this
kind of calculations, like the representation of the quantum
region. The results of our QM calculations will be presented
elsewhere.
’CONCLUSIONS
To further validate the Asp dyad protonation state in BACE-1
bound to HE transition state analogues, found in our
laboratory,10 we have compared the binding ranking predictions
for a set of HE peptidomimetic inhibitors based on alternative
Asp dyad protonation states by a molecular mechanics method
developed in our group. Some of the inhibitors studied were
synthesized in our laboratory by a protocol that can aﬀord many
isostere variants at P1/P10. Our calculations indicate that Asp
dyad neutral state reproduces better the binding ranking that the
Asp dyad charged alternatives. The results are discussed in the
light of possible LBHB between the Asp dyad components and
the HE isostere hydroxyl group.
’EXPERIMENTAL SECTION
Synthesis of Inhibitors. Inhibitors 4 and 3 were prepared from
the corresponding δ-amino acids isosters 14a and 14b at the Serveis
Cientificotecnics Universitat de Barcelona (Spain) by a Boc/Bzl strategy
following standard protocols. The purity was greater than 95% as judged
by HPLC. See SI for details.
’ASSOCIATED CONTENT
bS Supporting Information. Experimental procedures for
the synthesis of isosters 14a and 14b and inhibitors 3 and 4 as
well as IC50 evaluation. Detailed docking and aﬃnity prediction
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Figure 1. (A) and (C) represent two of the three possible protonation
states (mono- and diprotonated) for the Asp dyad, while (B) schema-
tically represents a LBHB, showing the possible proton positions
enclosed by red and blue circles.
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a b s t r a c t
The pH dependence of the HIV-1 protease inhibitor afﬁnity was studied by determining the interaction
kinetics of a series of inhibitors at three pH values by surface plasmon resonance (SPR) biosensor analysis.
The results were rationalized by molecular mechanics based protocols that have as a starting point the
structures of the HIV-1 protease inhibitor complexes differing in the protonation states as predicted by
our calculations. The SPR experiments indicate a variety of binding afﬁnity pH dependencies which are
rather well reproduced by our simulations. Moreover, our calculations are able to pinpoint the possible
changes in the charged state of the protein binding site and of the inhibitor that underlie the observed
effects of the pH on binding afﬁnity. The combination of SPR and molecular mechanics calculations
has afforded novel insights into the pH dependence of inhibitor interactions with their target. This work
raises the possibility of designing inhibitors with different pH binding afﬁnity proﬁles to the ones
described here.
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
The afﬁnity of a ligand for a protein is dependent on environ-
mental conditions, such as ionic concentration and pH, which
inﬂuence inhibitor protein interactions not only on a biochemical,
but also at a cellular level.1 For this reason, the dependence of
inhibitor binding on pH could have important implications for drug
discovery. To study this issue, we use the protease of the human
immunodeﬁciency virus 1 (HIV-1 PR), as a benchmark. This en-
zyme is a very successful AIDS therapeutic target, because its inhi-
bition precludes the proteolytic cleavage of viral protein precursors
into functional units, and hence viral replication. In the process, the
HIV-1 PR has turned into the most studied member of the aspartic
protease family.2,3
Usually, the inhibitor binding afﬁnity to HIV-1 PR is determined
in assays performed at the optimum enzymatic pH (ca. 5.5), where
the enzyme is catalytically active. However, it is possible that HIV-
1 PR inhibitors may bind also at physiological pH if they are to be
useful as drugs, as has been suggested for BACE-1 inhibitors.1 In
fact many HIV-1 PR inhibitors are less active in cell and animal as-
says than in the low pH tests used to screen the leads. Neverthe-
less, there are very few studies dealing with the pH dependence
of the binding afﬁnity.4–6 The emergence of surface plasmon reso-
nance (SPR) has open new venues for this endeavor since it avoids
the ambiguities and problems of the FRET based techniques,1,7,8
precluding the need for a protocol based on a competitive regime
with a substrate, whose binding and catalysis may be pH depen-
dent. Members of our group have already used SPR techniques to
study different aspects of inhibitor binding to HIV-1 PR. In this line
of work we found that interaction kinetics rate constants rather
than inhibition constants can help explain structure activity rela-
tionships,8 and that the inhibitor optimization can be guided by
the search of inhibitors with a high association and low dissocia-
tion constants.9
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The changes in binding afﬁnity upon a pH change can be traced
back to variations in protonation states of the ionogenic groups in
the protein residues and inhibitors.
The many studies that have dealt with the protonation state of
HIV-1 PR have centered primarily on the Asp dyad (AspA25/
AspB25), the catalytic machinery of the enzyme.4–6,10–12 Some of
the studies rely on the pD dependence of the NMR chemical shift
of the carboxyl carbons and/or H/D isotope effect upon the Asp car-
boxyl carbon chemical shift, like the ones used to study the com-
plexes with ligands (KNI-272 and DMP323).10,11 Recently, high
resolution X-ray and neutron diffraction studies on the HIV-1
PR—KNI-272 complex12 suggest that the dyad is monoprotonated
at pH 5.5, in contrast to the diprotonated state predicted by ab-ini-
tio quantummolecular dynamics calculations performed earlier on
the HIV-1 PR-pepstatin complex.13 Other studies base their results
either partially or totally on molecular mechanics or Poisson Boltz-
mann calculations.6
In thisworkwe address the question of the pHdependence of the
binding afﬁnity by evaluating the change in kinetic rate constants
(kon and koff) and the dissociation constant KD, for a group of HIV-1
PR inhibitors of diverse chemical structure, by SPR experiments at
three different pH values. The results are rationalized by molecular
mechanics calculations that have as a starting point HIV-1 PR struc-
tureswith theprotonationstatespredictedbyaBornapproach to the
Poisson Boltzmann equation in a molecular mechanics framework.
Our results indicate upward pKa shifts in the Asp dyad values upon
binding, a result that was rationalized by the way in which the
molecular mechanics calculations represent the existence of low
barrierhydrogenbondsbetween the inhibitor andoneof the carbox-
ylate side chains belonging to the Asp dyad.
Our calculations reproduce rather well the binding afﬁnity
ranking due to a pH increase and provide a rationale for the exper-
imental results based on the pKa values of the ionizable groups of
the protein and the inhibitor. Furthermore, we predict that the
replacement of single atoms or groups of atoms in the inhibitors
studied here could lead to ligands with new binding afﬁnity pH
dependent proﬁles.
2. Methods
2.1. SPR biosensor interaction analysis
In order to examine the effect of the pH on the binding afﬁnity
we have determined the afﬁnities of a variety of inhibitors at three
pH values (4.1, 5.1 and 7.4). An SPR-biosensor instrument (Biacore
S51, GE Healthcare, Uppsala, Sweden) was used for the interaction
studies. All experiments were carried out at 25 C and immobiliza-
tion was performed at a ﬂow rate of 5 ll/min. HIV-1 protease was
covalently attached to the carboxymethylated dextran matrix of a
CM5 sensor chip (GE Healthcare, Uppsala, Sweden) via primary
amines on the protein using standard amine coupling method. A
fresh mixture of 0.2 M N-ethyl-N0-[(dimethylamino)propyl]carbo-
diimide (EDC) and N-hydroxysuccinimide (NHS) was injected for
7 min to activate the carboxyl groups of the dextran matrix. HIV-
1 protease (0.3 mg ml1 in 5 mMmaleic acid, pH 6.0) was then in-
jected until sufﬁcient amounts of protein were immobilized (1–
2 min). Directly following immobilization, EDC/NHS was again in-
jected for 7 min to stabilize the sensor surface.14 Ten micromolar
Hepes, pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% (v/v) surfactant
P-20 (polyoxyethylene sorbatan; GE Healthcare, Uppsala, Sweden)
was used as running buffer during the immobilization procedure.
The same buffer with addition of 3% DMSO was also used for the
interaction studies at pH 7.4. Interaction experiments at acidic pH
used acetic acid buffers (10 mM acetic acid, 0.15 M NaCl, at pH
5.1 or 4.1) with addition of 3% DMSO and 0.005% surfactant P-20.
Interaction studies were performed with 3.7–300 nM nelﬁnavir
and 1.2–100 nM saquinavir (generous gifts fromMedivir AB, Hudd-
inge, Sweden). Indinavir (Merck Sharp & Dohme Ltd Herts, UK) was
used as positive control at 90 nM, to monitor surface activity. The
inhibitors were injected in running buffer for 60–120 s at a contin-
uous ﬂow of 90 ll min1. Dissociation was monitored for 600 s.
The sensor surface was regenerated by an injection of 10 ll 1 M
LiCl, 50% ethylene glycol at the end of each cycle. Three blank sam-
ples were also injected before, in the middle and after each concen-
tration series. A standard solvent correction procedure according to
the Biacore S51 methodology handbook (GE Healthcare, Uppsala,
Sweden) was included for every experiment.
2.2. SPR interaction data analysis
Binding responses were recorded in resonance units (RU) and
presented graphically as a function of time in sensorgrams. Biacore
S51 and BIAevaluation software (version 3.0.2, GE Healthcare, Upp-
sala, Sweden) was used to extract information from the sensor-
grams. By subtracting the response from a reference ﬂow cell,
and including the solvent correction procedure, signals could be
corrected for differences in bulk refractive index and nonspeciﬁc
binding. An average response of the three blank injections was also
subtracted from the sensorgram in order to correct for small sys-
tematic distortions arising from differences between the enzyme
and the reference surfaces. A 1:1 Langmuir interaction model
accounting for limited mass transport15 was globally ﬁtted to cor-
rected sensorgrams of a series of six different inhibitor
concentrations.
2.3. Structure preparation for modeling
The inhibitors studied in this work are listed in Figure 1. They
include a variety of chemical motifs that range from those peptidic
inhibitors that emerged early in the search for drug leads like Ac-
pepstatin up to those that are currently being used clinically in
the treatment of AIDS like saquinavir, nelﬁnavir and indinavir.
The relevant pdb entries (1EBW, 1EBY,16 5HVP,17 1SDV,18
2NMW19 and 3EKX) were downloaded, all hydrogens added and
the CHARMM force ﬁeld20 atom types and charges assigned. The
structure of the complex between HIV-1 PR and inhibitor A008 is
not known. We were able to build it from the pdb entry 1AJX by
replacing the benzyl groups by 4-hydroxymethylbenzyl moieties
and orienting the side chains to avoid strong steric clashes.
2.4. pKa calculations
The pKa values for all titratable residues were calculated by the
protocol proposed by Spassov and Yan,21 implemented in Discov-
ery Studio22 and named calculation of protein ionization and resi-
due pKa (CPIRpKa). This protocol, which employs a generalized
Born approximation to reproduce solvent effects, allows for the
iterative determination of the pKa of interacting residues. The
internal and external dielectric constants (DC) used in these calcu-
lations were 10 and 80, respectively, the ionic strength 0.145, and
the energy cutoff for clustering was 0.5 kcal/mol. The protocol used
here for the prediction of the pKa value of ionizable residues, ap-
plies to all residues of the protein and to the amino acids that form
part of the inhibitor. Therefore, this algorithm was able to predict
the pKa values (and the protonation fraction at a given pH) for
the acidic amino acids in proteins and for the acidic residues in
those inhibitors that have peptidic fragments. Whenever the inhib-
itors contained ionogenic groups (like the amino groups in nelﬁna-
vir, indinavir and saquinavir, or the statin moiety carboxylate
group in Ac-pepstatin), the pKa values were evaluated for both
charge states of the inhibitor.
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Since the module CPIRpKa does not evaluate the pKa values of
the inhibitors ionogenic groups, we have used the pKa values calcu-
lated in solution by the Epik module23 implemented in the Schrö-
dinger suite of programs.24
2.5. Afﬁnity predictions
For our afﬁnity calculations we chose the protonation states
predicted as the prevalent ones at pH 4.1, 5.1 and 7.4 on the basis
of the calculated protonation fraction for each residue by the pKa
predictor DS module. Whenever the pH fell very close to the pKa
value of a HIV-1 PR acidic residue, additional structures with the
alternative protonation states are needed in order to evaluate our
scoring function (see below). Given the large number of initial
structures to study, we choose a simpliﬁed method for treating
them, based on a multi-step molecular mechanics energy minimi-
zation (EM) protocol. The ﬁrst part incorporated two EM protocols
devoted to optimize the proton position and the hydrogen bond li-
gand–protein network observed in the crystallographic structure.
In the ﬁrst EM we ﬁxed all heavy atoms, while in the second we
placed NOE constraints on the heavy atoms that participate as do-
nors and acceptors in hydrogen bonds between the ligand and the
protein. Each of the EM had two segments: the ﬁrst one was an EM
steepest descent segment of 2000 steps, and the second one a stage
of 50,000 steps with an ABNR optimization protocol. The tolerance
gradient in all these calculations was 0.001 kcal/mol Å2. For all the
EM calculations we used an implicit solvation term based on the
generalized Born approach with simple switching (GBSW),25 with
protein dielectric constant of 5. This value was chosen to take into
account implicitly the protein ﬂexibility.6
For each of the optimized structures we obtained the binding
afﬁnity scoring function using the following expression:
DGbind ¼ DGmmðP : LÞ  DGmmðPÞ  DGmmðLÞ þ DGgbðP
: LÞ  DGgbðPÞ  DGgbðLÞ ð1Þ
where DGmm and DGgb indicate the molecular mechanics CHARMM
force-ﬁeld20 and the GBSW solvation25 components, respectively,
for the protein–ligand complex (P:L), protein (P) and ligand (L).
All the EM and analysis calculations were performed with the
CHARMM suite of programs26 in the 2400 processors Finisterrae
supercomputer facility available at the supercomputing center of
Galicia (CESGA).
As mentioned above, there exists the possibility that for a given
acidic residue, both the charged and neutral protonation states























































































Figure 1. Inhibitors studied in this work.
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function was obtained through a weighted binding scoring func-
tion for both protonation states.
DGbind ¼ X1DGbindð0Þ þ ð1 X1ÞDGbindð1Þ ð2Þ
Where DGbind(0) and DGbind(1) are the scoring function values
when an acidic residue is protonated or charged, respectively. X1 is
the protonation fraction for a speciﬁc residue, obtained from its pKa
value through the Henderson-Hasselbalch equation for a given pH.
2.6. Effect of the dielectric constant on binding afﬁnities
It is known that the dielectric constant has a strong effect on the
calculated pKa values of the ionogenic groups.6 In order to evaluate
the effect of this parameter on our results, we re-evaluated the pKa
values of the titratable residues for some of the complexes studied
at various dielectric constants ranging from the default value of 10
up to a ﬁnal value of 20. As before, once the charge states of these
complexes were estimated (see Section 2.4), the binding afﬁnities
for the complexes studied were obtained using the protocols de-
scribed in Section 2.5 with the new higher value of DC.
3. Results
3.1. Kinetic analysis and pH dependencies of inhibitor
interactions
The interaction kinetic parameters for saquinavir and nelﬁnavir
were determined at three different pH values (4.1, 5.1 and 7.4) (see
Table 1). The pH dependencies of the complete series of HIV-1 PR
inhibitors analyzed in this study is shown in Figure 2. The binding
afﬁnity patterns upon a pH change differ greatly for dissimilar
inhibitors, as it has been reported earlier.7 The new data for nelﬁ-
navir and saquinavir show that these inhibitors have similar pH
dependencies, but that the kinetics are shifted, with saquinavir
having 10-fold slower dissociation rates and slightly faster associ-
ation rates, resulting in higher afﬁnities at all pH values.
In order to rationalize these experimental data, we calculated
the protonation states of the HIV-1 PR—inhibitor complexes at
the 3 pH values utilized in our SPR experiments, and then used
them to predict the binding afﬁnity ranking due to a pH increase.
These results are presented below and discussed in a separate
section.
3.2. Prediction of pKa values for protein residues
3.2.1. Validation of the pKa prediction method
NMR has been the main tool for experimental determination
of the protonation state of the titratable residues in HIV-1 PR
complexes. The most extensive NMR studies have been carried
out on the HIV-1 PR bound to DMP323, a cyclic urea inhibitor.11
In order to test our pKa predictor protocol we have calculated the
pKa values of the acidic residues in this complex. As shown in Ta-
ble 2, the protocol used here reproduces rather well the pKa val-
ues for acidic residues for the HIV-1 protease bound to inhibitor
DMP323. Many of our calculated trends reproduce those observed
experimentally. For instance, our protocol predicts an upward
shift in the pKa value for the residues AspA25/B25 of the catalytic
dyad, with respect to the ones that have been determined for a
model Asp residue (pKa 4.1), in agreement with experiment.11
Moreover, our calculations indicate that the residues Asp A29/
B29 become more acidic than the model compound in solution
(pKa 4.1), a trend that is also in agreement with that of the
NMR based results.
3.2.2. Effect of the inhibitor on the HIV-1 PR ionizable residues
Some of the inhibitors studied do not have ionizable fragments
(see inhibitors A008, A268 and A369) and thus the protein residues
pKa values can be calculated directly (see results in Table 3). Other
inhibitors studied here may be neutral or charged at a given pH va-
lue, depending on their environment found in the enzyme. Some of
them (i.e., indinavir and saquinavir) have more than one amino
group that could be protonated over a large range of pH values.
Hence it is necessary to have an estimate of the protonation pro-
clivity for all ionizable groups in an inhibitor, ahead of the protein
residue pKa prediction. For this sake, we have carried out the
charge assignment based on Epik pKa predictions for these inhibi-
tors in solution. For instance, indinavir and saquinavir have several
amino groups that could be protonated. Our predictions in solution
indicate that in saquinavir, the protonated amino group of the
quinoline (pKa <4.0) is much more acidic than the one that belongs
to the decahydroquinoline group (pKa 10). Hence this latter ami-
no group will be the only one that may stay protonated at all of the
pH values used in this work. On the other hand, our pKa evaluations
of indinavir in solution indicate that the amino group that has the
higher probability of being protonated in our pH range is one that
belongs to the piperazine at the position closest to the pyridine
group. In order to shed light onto the effect of ligand charge on
the charge state of the protein residues we have calculated the
pKa values for all protein tritratable residues when bound to ioniz-
able inhibitors both in their neutral and charged states. The results
are shown in Table 4. Perusal of this table indicate that the charged
state of the ionizable residues in the protein will strongly depend
on the protonation state of the bound inhibitor for inhibitors with
ionogenic groups, an effect specially noticeable for Asp catalytic
dyad residues.
3.2.3. Effect of the dielectric constant (DC) on active site charge
states
As pointed out earlier, the DC value for the interior of the pro-
tein has a strong effect on the resulting pKa values of the ionizables
residues.6 As shown before by Trylksa et al.6 raising the DC of the
protein interior in the apo and some holo HIV-1 PR systems may
result in a decrease of the pKa values for the HIV-1 PR Asp dyad res-
idues. Hence there is the possibility that an increment in the DC
beyond the value of 5 may lead to HIV-1 PR with Asp dyads in
the monoprotonated states, in line with some X-ray crystallo-
graphic12 and NMR results.10
Table 5 displays the pKa values for the Asp dyads of some of the
complexes studied here as a function of the DC values. Perusal of
Table 1
Interaction kinetic parameters for nelﬁnavir and saquinavir at pH 4.1, 5.1 and 7.1
Inhibitor pH kon (M1 s1) koff (s1) KD (nM)
Nelﬁnavir 7.4 8.17  105 ± 7.5  103 2.8  103 ± 3  105 3.40 ± 0.01
5.1 3.05  106 ± 4.08  105 9  103 ± 9  104 2.99 ± 0.27
4.1 1.66  106 ± 7.73  105 5.3  102 ± 9  103 37.6 ± 13.6
Saquinavir 7.4 1.02  106 ± 5.0  103 5.86  104 ± 9.5  105 0.577 ± 0.095
5.1 4.41  106 ± 5.44  105 2.73  103 ± 2.99  104 0.637 ± 0.153
4.1 2.78  106 ± 7.1  105 1.09  102 ± 2.08  103 4.13 ± 0.989
The values for the other inhibitors in this study have been published previously.7 Errors are given as the standard deviation.
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this table indicates that, as expected, increasing the dielectric con-
stant lowers the pKa values for the Asp dyad residues across the
board, irrespective of the chemical structure of the inhibitor. Nev-
ertheless, as we shall see in the next section, the binding afﬁnities
calculated with these HIV-1 PR active site charged states do not
reproduce as well the afﬁnity trends upon a pH increase as the
ones obtained with the lower dielectric constant. (i.e., DC = 5).
3.3. Binding afﬁnity pH dependence
3.3.1. Experimental results
Table 6 lists the KD values obtained by SPR at the three pH val-
ues (4.1, 5.1 and 7.4) for all HIV-1 PR—inhibitor complexes studied
in this work. The experiments indicate that the HIV-1 PR inhibitors
can be classiﬁed into three groups, according to the effect of pH on
their interaction kinetics and afﬁnities. The ﬁrst group contains
inhibitors that lack any titratable groups (A008, B268 and B369).
Although the pH effects on association and dissociation rate con-
stants are different, their afﬁnities are similar at pH 4.1 and 5.1,
but lower at 7.4. In the second group formed by Ac-pepstatin,
the afﬁnity decreases with increased pH. Finally, the third group
of inhibitors (nelﬁnavir, saquinavir and indinavir) has a similar ef-
fect of pH on their interaction kinetics and afﬁnities, with an in-
crease in afﬁnity upon a pH increase from 4.1 to 5.1, but without
a further increase when pH becomes neutral (7.4).
3.3.2. Scoring function calculated values
In Table 6 we list also the scoring function values for each inhib-
itor at the three pH values which allowed us to rationalize the pH
Figure 2. Interaction kinetic plot (kon vs koff) for HIV-1 PR inhibitors at pH 4.1, 5.1
and 7.4. kon and koff units are in M1 s1 and s1, respectively.
Table 2
Comparison of experimental and calculated pKa values for acidic HIV-1 PR side chains
when bound to DMP323
Residue Calculated Experimentala
pKa pKab pKac
Asp A25 8.24 8.19 7.7
Asp A29 2.66 2.06 1.97
Asp A30 4.04 3.99 3.96
Asp A60 3.55 3.11 3.15
Asp B25 7.21 8.19 7.7
Asp B29 2.63 2.06 1.97
Asp B30 4.08 3.99 3.96
Asp B60 3.50 3.11 3.15
Glu A21 4.28 4.52 4.48
Glu A34 4.71 4.88 4.91
Glu A35 4.27 3.73 3.75
Glu A65 4.00 3.74 3.72
Glu B21 4.23 4.52 4.48
Glu B34 5.26 4.88 4.91
Glu B35 3.86 3.73 3.75
Glu B65 4.03 3.74 3.72
a See Ref. 11 for details.
b The experimental pKa values were determined by ﬁtting the pD dependent
chemical shifts using the carboxyl carbon data.
c The experimental pKa values were determined by ﬁtting the pD dependent
chemical shifts using the next to carboxyl aliphatic carbon data.
Table 3
Predicted pKa values for acidic residues when bound to neutral inhibitors
Residue A008 B268 B369
Asp A25 8.64 10.23 10.24
Asp A29 2.77 3.01 3.51
Asp A30 4.78 4.06 4.08
Asp A60 3.66 3.50 3.60
Asp B25 7.25 6.91 6.70
Asp B29 2.49 3.02 3.84
Asp B30 4.12 3.91 3.69
Asp B60 2.77 3.60 3.47
Glu A21 4.41 4.30 4.25
Glu A34 4.82 5.17 5.23
Glu A35 4.18 4.13 4.15
Glu A65 3.73 3.67 3.65
Glu B21 4.46 4.26 4.26
Glu B34 5.01 5.01 4.98
Glu B35 3.79 3.77 3.95
Glu B65 3.87 3.80 3.77
4842 J. L. Domínguez et al. / Bioorg. Med. Chem. 20 (2012) 4838–4847
Author's personal copy
binding ranking based on the charge state of the ligands and pro-
tein residues (see discussion).
As pointed out above, increased DC values lead to monoproto-
nated Asp dyads at the enzyme optimal pH for many HIV-1 PR—li-
gand complexes, in line with some NMR and neutron diffraction
results. Hence, in order to explore the effect of this variable, we cal-
culated the binding afﬁnity for charge distributions at higher DC
value. Table 7 displays scoring function afﬁnities for Ac-pepstatin
and nelﬁnavir at DC 18. As seen from this Table afﬁnity prediction
calculations for instance for nelﬁnavir fare worse than those pre-
sented in Table 6. This outcome supports to some extent the charge
state of the ionizable residues used for the calculations presented
in Table 6, at a lower DC value.
4. Discussion
4.1. Effect of the inhibitor on the pKa of the HIV-1 PR ionizable
residues
Perusal of Tables 3 and 4 shows that the chemical structure and
charge state of the inhibitors have a profound inﬂuence on the pKa
values of the side chains of titratable residues. Nevertheless, there
are some commonalities amongst the protein residues pKa trends.
For instance, our calculations indicate that the largest pKa shifts,
with respect to the values of model compounds in solution, are
for the acidic residues that lie in the inhibitor binding pockets,
especially those that reside in S1/S10 (e.g., those that belong to
the Asp dyad). These latter residues vary their pKa values by several
units upon change of inhibitor. By comparison, the other acidic res-
Table 4
Predicted pKa values for acidic residues when bound to inhibitors with titratable groups
Residue Indinavir Nelﬁnavir Saquinavir Ac-pepstatin
Chargeda Neutralb Chargeda Neutralb Chargeda Neutralb Chargeda Neutralb
Asp A25 7.21 7.29 6.15 7.36 5.61 6.56 8.67 8.77
Asp A29 2.19 2.42 2.10 2.23 2.84 2.94 2.79 2.80
Asp A30 3.66 3.76 4.40 4.75 4.29 4.37 4.74 4.75
Asp A60 3.42 3.44 3.09 3.11 3.52 3.53 3.46 3.46
Asp B25 9.41 9.57 8.89 9.85 8.03 8.74 7.30 7.41
Asp B29 3.35 3.51 2.11 2.32 2.31 2.52 2.37 3.30
Asp B30 4.56 4.60 3.94 4.08 4.02 4.15 3.88 5.04
Asp B60 3.36 3.37 3.24 3.25 3.01 3.03 3.69 3.72
Glu A21 4.26 4.29 4.38 4.41 4.62 4.63 4.81 4.83
Glu A34 4.32 4.35 4.98 5.05 5.02 5.41 5.31 5.35
Glu A35 4.23 4.25 3.68 3.71 3.74 3.76 4.14 4.15
Glu A65 3.67 3.67 3.58 3.60 3.54 3.55 4.09 4.09
Glu B21 4.47 4.52 4.53 4.55 4.09 4.12 4.95 4.95
Glu B34 4.72 4.83 5.07 5.11 5.20 5.25 4.85 4.86
Glu B35 3.65 3.68 3.97 4.00 4.23 4.25 3.72 3.74
Glu B65 3.83 3.85 3.56 3.57 3.75 3.76 3.46 3.47
a Inhibitor in the singly charged state.
b Inhibitor in the neutral state.
Table 5
Predicted catalytic dyad pKa values dependence on the protein dielectric constant
Inhibitor Catalytic dyad Protein dielectric constanta
10 12 15 18/20
A008 Asp A25 8.64 7.74 6.70 6.47
Asp B25 7.25 6.66 5.93 4.77
B268 Asp A25 10.23 8.86 7.67 6.87
Asp B25 6.91 6.20 5.50 5.02
B369 Asp A25 10.24 8.96 7.76 6.53
Asp B25 6.70 6.01 5.32 4.60
Saquinavir Asp A25 5.61(6.56) — — 4.07(4.83)
Asp B25 8.03(8.74) — — 5.63(6.14)
a Numbers in parenthesis correspond to those obtained with the neutral
inhibitor.
Table 6
Effect of pH on experimental and calculated afﬁnity value
Inhibitor Scoring function (kcal/mol)a KD (nM)d
pH 4.1b pH 5.1 pH 7.4c pH 4.1 pH 5.1 pH 7.4
A008 79.85 80.18 78.75 1.83 1.84 6.95
(79.98)
B268 87.22 87.46 85.50 2.97 3.00 10.80
B369 99.93 101.42 99.69 1.14 1.00 13.90
(101.35)
Indinavir 100.76 (92.82) 5.45 1.38 1.20
Indinavir (+) 88.55 91.96 (92.82)
Nelﬁnavir 91.5 90.70 (90.80) 37.6 2.99 3.40
Nelﬁnavir (+) 88.55 89.12 92.80
Saquinavir 92.38 96.23 4.13 0.637 0.577
Saquinavir(+) 91.44 92.49 94.89
Acpepst 95.73 88.80 94.2 (95.0) 208 759 8150
Acpepst () — 92.17 91.84
a Thick numbers indicate the protonation states that have similar trends to the experimental.
b Values in parentheses were calculated by weighting the afﬁnities obtained by taking into account both protonation states for the residue Asp 30.
c Values in parentheses were calculated by weighting the afﬁnities obtained by taking into account both protonation states for the residue Asp 25.
d Data from Table 1 (nelﬁnavir and saquinavir) and Ref. 7.
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idues that reside in S2/S20 and S3/S30 pockets display smaller but
noticeable changes, like for instance the downward pKa shift in
AspB30 when bound to the charged Ac-pepstatin. This trend can
be traced back to the binding site structure (see Fig. 3), which
shows that this residue is part of an intricate microenvironment,
making polar interactions with the C-terminal carboxylate of the
inhibitor and with the side chain of Lys B45. The overall predicted
shifts for all acidic residues follow similar trends to the ones ob-
served in NMR experiments for the HIV-1 PR—DMP323 complex.11
On the other hand, NMR based protonation state assignment for
the Asp dyad when HIV-1 PR is bound to pepstatin A27, are at var-
iance with our predictions for the Asp dyad when the enzyme is
bound to Ac-pepstatin. Our results indicate that the Asp dyad will
only be in the monoprotonated state at the highest pH (7.4), while
the NMR results support a single charged Asp dyad over a wider
range of pH values. The experimental support for the monoproto-
nated state was obtained from the analysis of 13C NMR data, which
exhibits two distinct signals at 172.4 and 178.8 ppm that remain
unchanged in the pH range between 2.5 and 6.5, thus indicating
that the Asp dyad protonation state does not change in this pH
range. Of the two peaks, the one at low ﬁeld is the only one that
undergoes an isotopic shift.27 Nevertheless, these NMR results
seem to be amenable to more than one interpretation. Piana
et al.13 proposed a diprotonated Asp dyad based on an ab-initio
molecular dynamics assignment that includes the calculation of
13C chemical shifts and isotopic shifts. In their work, they show
that the only Asp dyad charged state that reproduces these NMR
observables is the neutral one, in agreement with our predictions.
For other inhibitors, like KNI-272, recent results of a high resolu-
tion X-ray structure, together with a neutron diffraction study12
display the existence of electron density only next to the oxygen
of one of the Asp residues in the Asp dyad, supporting the existence
of a monoprotonated assignment for this system.
The results shown here suggest that the Asp dyad charge state is
neutral at the pH value at which the enzyme is most active (i.e., 5–
6), since the pKa values of their Asp residues are for the most part
above six. The results listed in Tables 3 and 4 predict that the Asp
dyad monoprotonated state is only prevalent at the highest pH va-
lue (7.4) when HIV-1 PR is bound to inhibitors B268, B369, indina-
vir, nelﬁnavir and saquinavir. As seen from these tables, the
complex where the Asp dyad becomes monoprotonated at the low-
est pH (5.6) is the one formed with saquinavir, when this ligand is
protonated.
We propose a possible explanation for this result based on the
existence of a low barrier hydrogen bond (LBHB) between a hydro-
xyl group located on the inhibitor’s isostere and the oxygen of a
carboxylate group that belongs to the Asp dyad (See below). One
of the deﬁning characteriztics for a LBHB is the existence of a very
short hydrogen bond distance between donor and acceptor.28
Already, in some of the earliest crystallographic structures of
HIV-1 PR complexes (eg., HIV-1 PR bound to Ac-pepstatin) it was
observed that the distance from the hydroxyl oxygen of the inhib-
itor to one of the oxygens of the side chain of an Asp dyad member
could be as short as 2.2 Å,17 raising the possibility of a LBHB
between these two atoms.
The existence of compact hydrogen bonds (HB’s), that provide
support for LBHB’s, have been conﬁrmed by the X-ray and neutron
diffraction studies of ligand bound aspartic proteases, like in endo-
thiapepsin,29 and in BACE-1 bound to peptidic inhibitors,30 sug-
gesting that LBHB’s may be a common feature for some aspartic
protease-inhibitor complexes. It has been posited that in LBHB’s,
the proton that mediates the HB could undergo tunnelling, from
the energy-well located next to the hydroxyl oxygen to the one
next to the carboxylate oxygen.28 In such a system the proton
could be found at both positions (see Fig. 4, panel B), resulting in
the dispersion of the negative charge of the Asp residue. It may
be argued that the tunnelling in the LBHB populates the Asp dyad
diprotonated state, and hence it may be claimed that this charged
state could be a molecular mechanics compromise representation
of the entities implied by LBHB (Fig. 4).
Finally, the results presented in Tables 3 and 4 indicate that the
protonation states of the HIV-1 PR titratable residues will depend
strongly on the chemical structure and ionization state of each
inhibitor, a similar result to that obtained recently by us on
BACE-1, another member of the aspartic protease family which
has become an Alzheimer’s disease drug target.1
4.2. Binding afﬁnity pH dependence
Table 6 lists the experimental as well as the inhibitor afﬁnities
predicted by our scoring function. There are two issues that are
crucial for comparing the calculated afﬁnities to the experimental
ones. The ﬁrst one relates to the fact that in some cases the pKa val-
ues of some of the acidic residues present in the active site of HIV-1
PR (e.g., Asp 25, Asp 30) are very close to the pH values used in the
evaluation of the binding afﬁnities. In that case these residues
could be highly populated both in their neutral and charged pro-
tonation states. For instance, as seen from Table 3, when HIV-1
PR is bound to inhibitor B369, the calculated pKa value for residue
Asp A30 is 4.08, leading to almost equal populations of ionized and
neutral charged states for this residue at pH 4.1. Another example
relates to the Asp dyad residues, which exhibits large pKa shifts to
values that are more typical for basic residues. In some cases (indi-
navir, nelﬁnavir) their pKa values are close to the highest pH value
studied (7.4), resulting also in similar populations at both charged
states for the Asp A25 residue. We take into account the existence
of multiple protonation states into the binding afﬁnity scoring
function Eq. (2) (see methods section), which weights the scoring
value function for each possible charged state by their protonation
Figure 3. Microenvironment of the Asp B30 residue when bound to acetylpepst-
atin. Notice the closeness of the C-terminal carboxylate of the statine residue (STA)
of the inhibitor with the side chains of Asp B30 and Lys B45. Distances are in Å.
Table 7
Calculated binding afﬁnity scoring funtion values in kcal/mol at DC 18
Inhibitor pH value
4.1 5.1 7.4
Nelﬁnavir Charged 98.81 97.95 96.93
Neutral 96.73 96.84 94.13
Ac-pepstatin Charged 108.59 108.47 104.62
Neutral 109.02 104.29 102.93
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fractions. Taking into account both charged states in our binding
afﬁnity calculation improves in some cases the binding ranking
afﬁnity agreement with experimental results. For instance, taking
into account the multiple protonation states for Asp A30 increases
the binding afﬁnity of B369 for HIV-1 PR at pH 4.1, bringing it clo-
ser to that of pH 5.1, in agreement with experiment. Also, as seen
from Table 6, taking into account the dual protonation state for Asp
A25 (pKa = 7.3) helps to lower the calculated binding afﬁnity,
bringing the ranking binding afﬁnity of indinavir at pH 7.4 more
in step with experiment.
The other factor that has a strong effect on the binding afﬁnity
ranking is the charge state of the inhibitor. As mentioned above,
our prediction for the pKa values of the inhibitors ionizable groups
indicate that, nelﬁnavir, indinavir and saquinavir have each one
amino group whose protonated state has a pKa value above 7, in
























Figure 4. (A) and (C) represent two of the three possible protonation states (mono- and di-protonated) for the Asp dyad, (B) is a schematic representation of a LBHB with the
possible proton positions enclosed by red and blue circles.
Figure 5. Comparison of the afﬁnity at different pH values obtained by SPR experiments (lower panel) and those obtained from our calculated scoring function in absolute
values (upper panel). Values are in kcal/mol.
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tein structures indicates that the inhibitors’ amino groups do not
form hydrogen bonds or ion pairs with any protein polar groups.
This raises the possibility that the protonated amino group’s pKa
value in these inhibitors would be lower than the ones predicted
in solution, leading to a neutral ligand at lower pH value (when
bound) than in solution. In order to search for the actual amino
group protonation state in these inhibitors we have calculated
the scoring function binding afﬁnity for a variety of amino group
protonation states, starting with those predicted by the Epik mod-
ule in the Schrödinger software suite.24 In the case of nelﬁnavir, the
scoring function results that rank binding afﬁnities better are the
result of neutralizing the amino group at pH above or around 5.1.
This outcome supports the notion that the pKa value for the most
basic protonated amino group is around this value and suggests
a possible explanation for the increase in binding afﬁnity when
the pH rises to 5.1. The neutralization of the ligand at pH 5.1 gen-
erates a more hydrophobic molecule with a lower desolvation pen-
alty (results not shown), a result that favors binding to the enzyme.
The inhibitor Ac-pepstatin has a carboxylate group in its C-ter-
minal end (see Fig. 1). The Epik calculations in solution predict that
this group has a pKa of 4.4. Hence, if this pKa is maintained upon
binding, this group will be neutral at pH 4.1 and charged at the
higher pH values. In order to probe these alternatives we have cal-
culated the protein pKa values for the two possible inhibitor charge
states, prior to the calculation of their binding afﬁnities by our pro-
posed scoring function. As seen from Table 6, our results are in
good agreement with the experimental trends, when the above
mentioned carboxylate keeps its Epik calculated pKa value of 4.4.
The rationale for this outcome may reside in the polar microenvi-
ronment this group is located in (see Fig. 3).
In summary, when both issues (discussed above) that relate to
the multiple protonation states of the protein residues and the
inhibitor protonation state change at a given pH are taken into ac-
count, there is a fair correlation between the observed and calcu-
lated binding afﬁnity trends, upon a pH increase. This correlation
is better visualized in Figure 5, which graphically display the
experimental and observed binding afﬁnity trends.
The results described here raise the possibility of designing
inhibitors with different afﬁnity pH dependencies. For instance,
we predict that replacement of the C-terminal carboxylate group
by a polar non-charged group like an amide may lead to an in-
crease (rather than a decrease) in afﬁnity when the pH rises from
5.1 to 7.4 (see Table 6).
The experimental afﬁnity trends amongst inhibitors, at a given
pH value, are not as well reproduced as those related to an increase
in pH (see Table 6). This may be related to the conformational en-
tropy penalty contributions from inhibitors that have substantial
structural differences. For instance, Ac-pepstatin is predicted to
have a higher afﬁnity than A008, in contrast to the experimental
trend (see Table 6). Perusal of the chemical structures indicate that
the latter inhibitor has a peptidic nature and has many more de-
grees of freedom than A008 and hence should ‘pay’ a much higher
entropic penalty upon binding to the enzyme. Including the con-
formational entropic terms should bring the predicted ranking
more in line with experiment.
5. Conclusions
In summary, the dependence of the binding afﬁnity to HIV-1 PR
on pH was studied by determining the binding afﬁnity of a series of
inhibitors at three pH values, by SPR experiments. The results were
rationalized by a molecular mechanics based protocol that requires
knowledge of the protonation states of all ionizable residues in the
HIV-1 PR—inhibitor complexes at the 3 pH values used in this
study. Hence, it is of the essence for our calculations to have a
robust pKa predictor. We have validated our algorithm by calculat-
ing the pKa values of all residues in the HIV-1 PR—DMP323 com-
plex and comparing the resulting values with those obtained
from NMR experiments. The results indicate that our calculations
reproduce rather well the experimental values, validating our pKa
protocol prediction.
Our calculations show that upon inhibitor binding, many iono-
genic residues display noticeable shifts from their standard values
in solution. The highest pKa increases are observed for the Asp dyad
residues. We hypothesize that LBHB’s between one of Asp dyad
carboxylate oxygens and a the isotere hydroxyl group are of the es-
sence in rationalizing the Asp dyad protonation states when the
HIV-1 PR is in the bound state and bring them in line with some
experimental observations.
For the most part, the binding energy differences observed by
SPR experiments upon a pH change are rather small. Nonetheless,
the calculated trends on binding afﬁnity upon pH increase repro-
duce with few exceptions the ones observed in the SPR experi-
ments. Our binding afﬁnity predictions support our protein
assignments. Moreover, we show that alternative protonation
states (that could be present by increasing the protein interior
DC) are not able to reproduce the experimental binding afﬁnity
trends across the board, a result that lends support to our charge
assignment for ionizable residues. On the other hand, the binding
afﬁnity trends from one inhibitor to another at a given pH are
not well reproduced, since our calculations lack a full evaluation
of entropic contributions.
Our calculations support the hypothesis that at a given pH,
some acidic residues contribute to the binding afﬁnity to the en-
zyme through both neutral and charged states. Furthermore, our
results also indicate that the inhibitor’s titratable groups may
have a strong effect on the binding afﬁnity trends by modifying
their protonation state upon a pH change. Finally, our studies
raise the possibility of designing novel inhibitors with alternative
binding afﬁnity pH proﬁles, which we aim to pursue in further
studies.
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On the Active Site Protonation State in Aspartic Proteases: Implications for Drug  
Design 
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Abstract: Aspartic proteases (AP) are a family of important hydrolytic enzymes in medicinal chemistry, since many of its members have 
become therapeutical targets for a wide variety of diseases from AIDS to Alzheimer. The enzymatic activity of these proteins is driven by 
the Asp dyad, a pair of active site Asp residues that participate in the hydrolysis of peptides. Hence, the protonation state of these and 
other acidic residues present in these enzymes determines the catalytic rate and the affinity for an inhibitor at a given pH. In the present 
work we have reviewed the effect of the protonation states of the titratable residues in AP’s both on catalysis and inhibition in this family 
of enzymes. The first section focuses on the details of the catalytic reaction mechanism picture brought about by a large number of ki-
netic, crystallographic and computational chemistry analyses. The results indicate that although the mechanism is similar in both retrovi-
ral and eukaryotic enzymes, there are some clear differences. For instance, while in the former family branch the binding of the substrate 
induces a mono-ionic charge state for the Asp dyad, this charge state seems to be already present in the unbound state of the eukaryotic 
enzymes. In this section we have explored as well the possible existence of low barrier hydrogen bonds (LBHB’s) in the enzymatic path. 
Catalytic rate enhancement in AP’s could in part be explained by the lowering of the barrier for proton transfer in a hydrogen bond from 
donor to acceptor, which is a typical feature of LBHB’s. Review of the published work indicates that the experimental support for this 
type of bonds is rather scarce and it may be more probable in the first stages of the hydrolytic mechanism in retroviral proteases. The 
second section deals with the effect of active site protonation state on inhibitor binding. The design of highly potent AP inhibitors, that 
could be the basis for drug leads require a deep knowledge of the protonation state of the active site residues induced by their presence. 
This vital issue has been tackled by experimental techniques like NMR, X-ray crystallography, calorimetric and binding kinetic tech-
niques. Recently, we have developed a protocol that combines monitoring the pH effect on binding affinities by SPR methods and ration-
alization of the results by molecular mechanics based calculations. We have used this combined method on BACE-1 and HIV-1 PR, two 
important therapeutic targets. Our calculations are able to reproduce the inhibitor binding trends to either enzyme upon a pH increase. 
The results indicate that inhibitors that differ in the Asp dyad binding fragments will present different binding affinity trends upon a pH 
increase. Our calculations have enabled us to predict the protonation states at different pH values that underlie the above mentioned 
trends. We have found out that these results have many implications not only for in silico hit screening campaigns aimed at finding high 
affinity binders, but also (in the case of BACE-1) for the discovery of cell active compounds.  
Keywords: Aspartic proteases, ionizable residues, pH effect, Asp catalytic dyad, protonation states, low barrier hydrogen bonds, HIV-1 PR, 
BACE-1. 
INTRODUCTION 
 All biological systems require hydrolysis of peptides and pro-
teins for many of their functions. This is true even for a virus like 
the human immunodeficiency virus (HIV), an entity that hijacks the 
replication machinery of the host cell for its duplication. Central to 
the budding of a new viral particle is the coding of a proteolytic 
enzyme that processes viral polyproteins into proteins that are vital 
for viral replication. The peptide hydrolysis is performed by some 
enzymes referred to as peptidades, proteases, proteinases or peptide 
hydrolases. The proteolytic activity catalyzed by these enzymes is 
vital for the regulation of many processes, which include a variety 
of rapid response activities, cell growth, tissue homoestasis and the 
stimulation of cell division, across all types of organisms [1]. 
 One of the most important groups of proteolytic enzymes, from 
the therapeutic point of view, is the aspartic proteases (AP’s). These 
enzymes have become drug targets for a wide variety of diseases 
that range from the break up of the blood pressure cascade, cancer, 
bacterial and fungal infections to neuro-degenerative diseases [1-8]. 
The importance of this family of proteins has been underscored by 
the numerous monographic books and reviews published (see for 
instance references 9-11). One of the most successful endeavours in 
rational structure based drug design involved the development of  
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HIV-1 protease (a viral aspartic protease) inhibitors, as part of a 
cocktail therapy called HAART (highly active antiretroviral ther-
apy), that has substantially reduced the AIDS fatality rate [1]. In the 
process of drug discovery, this enzyme has become the most stud-
ied enzyme ever by both experimental and molecular simulation 
methods. Other member of this enzyme family, renin, participates 
in the regulation of blood pressure through its role in the renin-
angiotensin system. Recently, a 30 year effort culminated in the 
development of the first renin inhibitors used in clinic [1, 12]. An-
other member of this family that has lately risen to the level of a 
therapeutic target is BACE-1, an enzyme involved in the hydrolytic 
process that leads to amyloidosis [1, 6, 7]. 
 All the aspartic proteases reviewed here belong to the clan AA 
and can be classified into family A1 (those from eukaryotic organ-
isms) and family A2 (those from retroviral sources, like the HIV), 
according to the MEROPS data base [13]. 
 Some of the distinctive features of these enzymes are a secon-
dary structure that is mainly based on a beta sheet architecture and a 
catalytic machinery made up of two Asp residues, located at the 
base of the catalytic cleft formed by two beta strands. These two 
residues form the characteristic Asp dyad of aspartic proteases. A 
water molecule is located between these two residues and was 
found to be the nucleophile of the hydrolytic process catalyzed by 
these enzymes [1, 9, 10]. 
 The enzymes of family A1 are typically secreted from cells as 
inactive proenzymes that are, in most cases, autocatalytically acti-
1873-4286/13 $58.00+.00  © 2013 Bentham Science Publishers
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vated at acidic pH. The members of this family have evidently 
evolved by gene duplication, and the lobes containing the two cata-
lytic Asp residues are homologous. The catalytic site is located 
between the two lobes of the molecules, and a "flap" structure (see 
Fig. 1) containing a conserved Tyr residue controls specificity. 
Several of the peptidases in this family are glycosylated (e.g. 
cathepsin D) and a few are membrane-bound (BACE-1 and BACE-
2). The archetypal peptidase of this family, pepsin A, has long been 
known to catalyze the proteolysis of food proteins in the vertebrate 
stomach, and was in fact the second enzyme to be crystallized [14]. 
Fig. (1). Cartoon representation showing the ectodomain of BACE-1 (PDB 
file 1SGZ). Notice the position of the flap and the catalytic dyad (enclosed 
by an oval). The N- and C- terminal lobes are drawn in different colors. 
 The A2 family (that encompasses retropepsins) was discovered 
in the late 1980’s as a result of the essential role of HIV-1 protease 
(HIV-1 PR) in the maturation of the human immunodeficiency 
virus responsible for acquired immunodeficiency syndrome 
(AIDS). Retropepsins are active only as homodimers (see Fig. 2).
The monomers are structurally related to one lobe of the pepsin 
molecule and each monomer also includes a structural element 
equivalent to the "flap" in pepsin like AP’s.  
Fig. (2). Cartoon representation of the HIV-1 PR dimer (PDB file 3HVP) 
showing the side chains of the catalytic dyad. Each monomer is drawn in a 
different color. 
 The understanding of the reaction and inhibition mechanism of 
the aspartic proteases requires a profound knowledge of the change 
in protonation state of the Asp dyad and other ionogenic residues 
upon the binding of a substrate or an inhibitor. In this work we 
review the experimental and the theoretical lines of research de-
voted to understanding these aspects of catalysis and inhibition in 
this type of enzymes. In the final part of this work we review a 
protocol (developed in our laboratory) that combines experimental 
and simulation tools for studying the effect of pH on the binding 
affinity of HIV-1 PR and BACE-1 inhibitors, using as a starting 
point the predicted pKa values of the ionogenic residues in these 
enzymes. This issue is of substantial relevance for a more efficient 
design of inhibitors that are effective under a range of pH condi-
tions. 
CATALYTIC MECHANISM OF ASPARTIC PROTEASES 
I. General Mechanism 
 Aspartic proteases are characterised by the presence of two 
active site aspartate residues whose carboxylate side chains are 
involved in catalysis. They characterize themselves for their ability 
to operate at low pH, with the enzyme pepsin operating in the pH 
range 2-4, making it well suited for the acidic environment of the 
stomach. This pH requirement becomes apparent when we examine 
the mechanism of these enzymes, since one of the two aspartate 
residues must initially be protonated and the other should be 
deprotonated for activity. The catalytic mechanism is thought to 
involve nucleophilic attack of an active site water molecule on the 
scissile bond carbonyl generating a tetrahedral gem-diol inter-
mediate (Scheme 1) [15]. The design of first generation inhibitors 
generally involves the use of short oligopeptides containing a tran-
sition state analogue which mimics this tetrahedral intermediate.  
 The structural configuration of the Asp residues within the ac-
tive site formed at the dimeric interface in HIV-1 PR is indistin-
guishable from those of the monomeric (pepsin-like) aspartic prote-
ases (see Figs. 1 and 2). It is therefore reasonable to suggest that the 
aspartic proteases of retroviral and nonviral origin operate by simi-
lar chemical mechanisms [16]. In the configuration of the Asp cata-
lytic dyad, the oxygens that are at a closest distance are facing the 
protein interior and are termed inner or internal oxygens. The other 
carboxylate oxygens are more separated and are termed external or 
outer oxygens. 
 The active site Asp groups assume opposite roles in the general 
acid-general base catalysis. The deprotonation of the lytic water 
molecule is performed by the unprotonated aspartyl residue and the 
polarization (or protonation) of the scissile carbonyl oxygen is 
achieved by the protonated aspartyl residue. 
 Comparative studies by Andreeva & Rumsh [17] showed that 
the interaction of the external O atoms of the catalytic dyad with the 
residues surrounding the active site preserves the negative charge of 
one of the Asp side chains and the protonated state of the other, 
independently of the pH value. Such a system of regulation is a 
characteristic property of all aspartic proteases of higher organisms, 
functioning at various pH values, and is the result of their evolu-
tional adaptation. Simple homodimeric structures present in retrovi-
ral protease do not posses such a regulating system, their function 
in cells is limited to a narrow interval of pH common to all of them, 
not far from the pKa of carboxyl groups, and the charge asymmetry 
of the active site arises only after substrate binding [17]. 
II. Peptidomimetic Transition-state Analogue Inhibitors 
 Peptidomimetic inhibitors of aspartic proteinases have been 
used successfully, not only as drugs leads in many diseases, but also 
for probing the enzyme’s function and the catalytic mechanism of 
the reaction. For instance, pepstatin (also known as pepstatin A) is a 
compound that inhibits both type A1 and A2 aspartic proteases, and 
hence the inhibition of an enzyme by pestatin is used as partial 
proof that it belongs to this type of enzymes. Pepstatin is a hexa-
peptide containing the unusual aminoacid statine (Sta, (3S,4S)-4-
amino-3-hydroxy-6-methylheptanoic acid), having the sequence 
isovaleryl-Val-Val-Sta-Ala-Sta. It was originally isolated from 
cultures of various species of Actinomyces and discovered as an 
inhibitor of pepsin by Umezawa et al. [18]. The OH in the central 
Sta residue occupies the position of the water molecule bound to the 
catalytic dyad in the native enzyme and hence this inhibitor acts as 
On the Active Site Protonation State in Aspartic Proteases Current Pharmaceutical Design, 2013, Vol. 19, No. 23    4259
an analogue of the tetrahedral transition state intermediate (see 
Scheme 1). 
 Perusal of the catalytic reaction mechanism (see Scheme 1)
indicates that inhibitors containing a gem-diol unit may be useful as 
mimic of the tetrahedral intermediate of the reaction. The stability 
of the gem-diol bound complexes derived from a difluorostatone 
(StoF2) moiety make them attractive for this objective. Since then, 
the structures of various aspartic proteases bound to this type of 
inhibitors [19, 20, 21] have served to clarify many aspects of the 
reaction mechanism. These compounds are obtained in situ by hy-















Scheme 2. Structure of a difluorostatone (StoF2) moiety in dehydrated and 
hydrated form. 
 The peptidomimetic inhibitors are not only suitable for 
exploring the reaction mechanism. Although the ultimate goal of 
drug discovery is to identify non-peptidic inhibitors, very often the 
first step in the process toward such compounds is through substrate 
analogue peptidomimetics, in which the amide scissile bond is re-
placed by one isostere that resembles the tetrahedral transition-state 
intermediate. In Fig. 3, some isosteres used in the preparation of 
first generation aspartic protease inhibitors are represented. 
III. Experimental Studies on the Catalytic Mechanism of Pep-
sin-like (A1 family) Aspartic Proteases 
 The structures of two A1 family (pepsin-like) aspartic proteases 
have been determined in complexes with difluorostatone-containing 
peptide-based inhibitors. The X-ray structures of both complexes, 
one between the fungal aspartic proteinase endothiapepsin and the 
fluorostatone-containing tripeptide renin inhibitor CP-81,282 at 2.0 
Å resolution [19] and the other between penicillopepsin and the 
inhibitor isovaleryl-Val-Val-StoF2NHCH3 at 1.8 Å resolution [20], 
show a similar pattern of hydrogen bond (HB) interactions for the 
gem-diol moiety in the catalytic binding site (see Fig. 4). 
 The X-ray structures show that the pro-(R) (statine-like) hy-
droxyl of the tetrahedral carbonyl hydrate is hydrogen-bonded to 
both active-site aspartates and occupies the same position as the 
water molecule oxygen does in the unbound enzyme. The second 
hydroxyl oxygen of the hydrate is hydrogen-bonded only to the 
outer carboxyl oxygen of Asp 32 (or Asp33). These experimental 
data provided a basis for the model of the tetrahedral intermediate 
in the aspartic protease mediated cleavage of the amide bond. 
 Two possible complexes with differing locations of the Asp 
dyad negative charge result from the arrangement of distances. The 
preferred positions of the protons are shown in Fig. 4 and molecular 
orbital calculations favor this arrangement [19]. Thus, the high- 
Fig. (3). Examples of transition state isosteres used in the design of aspartic 
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Fig. (4). Interactions of the tetrahedral hydrate with endothiapepsin (PDB 
file 1EPO, shown in plain characters), and penicillopepsin (PDB file 1APV, 
shown in bold characters). Distances displayed between the heavy atoms are 
in Å. 
resolution structure of the tetrahedral hydrate suggests a mechanism 
that resembles the one previously proposed by Suguna et al. [22], 
involving the stabilization of a negatively charged aspartic acid 
carboxylate first at Asp 215 (or Asp 213) and then in the intermedi-
ate at Asp 32 (or Asp 33, see Scheme 1 and Fig. 4) by a complex 
HB network at each of the active-site Asp during the catalysis. In 
each case, the stabilization involves complete inaccessibility of the  
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carboxylate from bulk solvent and the formation of three or four 
hydrogen bonds to the carboxylate oxygens (see Fig. 4) as pointed 
also by Andreeva [17]. 
 During the reaction, the charge state of the Asp dyad is stabi-
lized by hydrogen bond interactions with residues like Ser 35/36 
and Thr 218/216. This result has been corroborated by site-directed 
mutagenesis experiments of Ser 35 and Thr 218 in chymosin [23]. 
Their role is also consistent with the higher optimal pH for the ca-
talysis by human renin with Ala at position 218 and retroviral pro-
teases that have Ala at both equivalent positions. 
 In order to explore the catalytic mechanism, many structural 
studies of complexes of endothiapepsin with different transition 
state analogue inhibitors have been carried out by the group of 
Cooper [24-27]. The data obtained by neutron and atomic resolu-
tion X-ray diffraction provide evidence that Asp 215 is protonated 
and that Asp 32 is the negatively charged residue in the transition 
state complex. A similar result was obtained for the complex of 
pepstatin with Irpex lacteus aspartic proteinase (ILAP) [28]. The 
atomic resolution X-ray data showed that the transition state ana-
logues of these inhibitors bind by making several hydrogen bonds 
with the catalytic aspartates, some of which have donor–acceptor 
distances as short as 2.5 Å. Hydrogen bonds as short as this are 
referred to as low barrier hydrogen bonds (LBHB) since the prox-
imity of the donor and acceptor atoms reduces the energy barrier 
which normally prevents transfer of the hydrogen atom from the 
donor to the acceptor group [29]. The locations of the LBHB’s 
observed in the endothiapepsin complexes are shown in Fig. 5 [30] 
where it can be seen that the hydroxyl group of the inhibitor forms 
an LBHB with the inner oxygen of Asp 32 and another with the 
outer oxygen of Asp 215. This is consistent with the deuterium 
positions found in the neutron analysis [24] and other atomic reso-
lution X-ray structures of aspartic proteinases [28].  
Fig. (5). HB distances for three complexes of endothiapepsin with hydroxyl-
containing peptidomimetic inhibitors [30]. 
 A distinguishing property of LBHBs is a large downfield shift 
detected by 1H-NMR typically between 16 and 21 ppm. Thus, to 
confirm the existence of the short interactions suggested by the 
atomic resolution X-ray data, 1H-NMR solution spectra of native 
endothiapepsin and a number of complexes were recorded [30]. 
Whilst the NMR spectrum of free endothiapepsin (or the free in-
hibitor) showed no peaks outside the normal region for protein 
signals 0– 11 ppm, the complexes gave several peaks between 15.5 
and 18.5 ppm.  
 Since LBHB formation facilitates rapid proton transfer, the role 
of these interactions in enzyme catalysis is the subject of much 
discussion in the enzymology field [29]. An earlier proposal for the 
involvement of LBHBs in aspartic proteinase catalysis based on 
deuterium isotope effects [31] invoked a somewhat different pattern 
of LBHB formation at the catalytic centre involving a proton shared 
equally between the two inner aspartate oxygens (see Scheme 3). 
The cornerstone for this proposal was drawn from quantum dy-
namic calculations of the Asp dyad in the unbound HIV-1 PR, 
which indicated a very low barrier for the proton displacement from 
one aspartate to the other [32]. 
 Nevertheless, drawing a complete picture of the catalytic 
mechanism in pepsin like aspartic proteases from calculations per-
formed in HIV-1 PR may not be straightforward. The X-ray struc-
ture (at atomic resolution) of unbound endothiapepsin [26] clearly 
indicates that the bonding geometry for a proton located directly 
between the two inner aspartate oxygens is unfavorable. An alterna-
tive explanation implies that both catalytic aspartates share a single 
negative charge equally. That is, in the crystal structure, the two 
Asp dyad protonation states shown schematically in Fig. 6 are 
equally populated.  
 Overall, the work described above has provided the first struc-
tural evidence that low-barrier hydrogen bonds may be significant 
in the catalytically driven reaction pathway in aspartic proteases 
and has helped to locate the LBHB interactions in the catalytic cen-
tre, thus giving a sounder footing for evaluating their role in the 
mechanism [30].  
IV. Experimental Studies on the Catalytic Mechanism of HIV-1 
PR, an A2 Family Aspartic Protease 
 Solvent kinetic isotope effects and pH rate studies were applied 
to elucidate details of the chemical mechanism of HIV-1 PR in the 
pH range of 3-7 where the enzyme activity is stable [16]. The sub-
strates bind only to HIV-1 PR with a monoprotonated Asp catalytic 
dyad. This enzyme form contains an unprotonated catalytic group 
of pKa1=3.4-3.7 and a protonated catalytic group of pKa2 = 5.5-6.5. 
Scheme 3. Catalytic mechanism of aspartic proteases following the proposal by Northrop [31]. 
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Proton inventory data is in accord with the concerted transfer of two 
protons in the transition state of a rate-limiting chemical step in 
which the enzyme-bound amide hydrate adduct collapses to form 
the carboxylic acid and amine products.  
 The structure of the HIV-1 protease in complex with inhibitor 
A79285, a pseudo-C2 symmetric inhibitor which contains a central 
difluoroketone motif (Fig. 7), has been determined with X-ray dif-
fraction data extending to 1.7 Å resolution [21]. The electron den-
sity map clearly indicates that the inhibitor is bound in a symmetric 
fashion as the hydrated, or gem-diol, form of the difluoroketone. 
Refinement of the complex reveals a unique, and almost symmetric, 
set of interactions between the geminal hydroxyl groups, the gemi-
nal fluorine atoms, and the active-site aspartate residues, with one 
carboxylate group directly facing the diol hydroxyls and the other 
one facing the fluorine atoms (Fig. 8). The mode of binding is simi-
lar to that of the S,S C2 symmetric diol A76928 [33] and markedly 
different from that of other difluoroketone/aspartic protease com-
plexes [19, 20]. 































Fig. (8). Distances at 3Å cutoff between the HIV-1 PR catalytic dyad and 
the core of inhibitors A79285 (PDB file 1DIF, left panel) and A76928 (PDB 
file 1HVK, right panel). 
 Several HB patterns are consistent with the observed conforma-
tion (Fig. 8). To elucidate this issue, semi-empirical energy calcula-
tions were carried out. The resulting lowest energy hydrogen dispo-
sition shows a monoprotoaned dyad in which the protonated Asp 
residue is adjacent to the to the difluorine motif, while the carboxy-
late group is adjacent to the gem-diol. The inhibitor core is a mimic 
of a hydrated peptide bond in a gauche conformation. In contrast in 
difluoroketone containing inhibitors bound to endothiapepsin or 
penecillopepsin [19,20] the hydrated core of the inhibitors have 
similar anti conformations and display similar interactions with the 
active site aspartate groups: one of the gem-hydroxyls is positioned 
between both aspartate residues, the other one interacts with a sin-
gle aspartate, and the fluorine atoms do not interact with either of 
them (see Fig. 4).
 The feasibility of an anti-gauche transition for a peptide bond 
after hydration was verified by extensive molecular dynamics simu-
lations [21]. During the trajectories the diol frequently passes 
through an intermediate position where a diol hydroxyl is located 
between both aspartate residues, in a conformation that resembles 
the structures of the other aspartic proteases with difluorostatone 
inhibitors. The simulations suggest that rotation about the C-N scis-
sile bond would readily occur after hydration and would be driven 
by the optimization of the interactions of peptide side-chains with 
the enzyme, i.e. the rearrangement of the whole inhibitor to a sym-
metric form which binds optimally to the protein would drive the 
inversion, the structure being only fully symmetric at the gauche
conformation.  
 These results, together with the characterization of a transition 
state leading to bond breakage via a concerted exchange of two 
protons suggest a proteolysis mechanism whereby only one active 
site aspartate is initially protonated. The steps of this mechanism 
are: asymmetric binding of the substrate; hydration of the peptidic 
carbonyl by an active site water molecule; proton translocation 
between the active site aspartate residues simultaneously with car-
bonyl hydration, optimization of the binding of the entire substrate 
facilitated by the flexible structure of the hydrated peptide bond, 
which, in turn, forces the hydrated peptide bond to assume a gauche 
conformation. Finally, there seems to be a simultaneous proton 
exchange whereby one hydroxyl donates a proton to the charged 
aspartate, and, at the same time, the nitrogen lone pair accepts a 
proton from the other aspartate, leading to bond breakage and re-
generation of the initial protonation state of the aspartate residues 
(see Sheme 1). 
 As mentioned before, in the A1 family there is a set of interac-
tions of the Asp catalytic dyad that allows one of the carboxyl 
groups to retain a charged state and the other a protonated state at 
any pH value, an arrangement which is necessary for enzymatic 
activity. No interactions of such type were observed in retroviral 
proteases, which act a relatively narrow pH range close to the neu-
tral value. Therefore in these latter enzymes the pH value is the 
only factor that determines whether the active carboxyls are 
charged. It seems likely that both active site carboxyl groups (which 
are not shielded from solvent in the free enzyme) should be charged 
at neutral pH, in accordance with the self-symmetry of these retro-
viral enzymes. However, two important questions must be solved in 
order to understand these enzymes, the first question relates to how 
the two charged carboxyl groups could be as close to each other as 
X-ray analysis shows and still be charged [34]. The second refers to 
how do these enzymes function, i.e. how could the catalytic car-
boxyls change their ionization state as required by the catalysis 
process. 
 These questions were partially answered by the quantum-
dynamics calculations of the probable states of the active carboxyl 
groups on the basis of their atomic coordinates [32]. It was found 
that the system composed of two carboxyls and a water molecule 
located between their external oxygen atoms would be stable in the 
case when a proton is located half away between their internal oxy-
gen atoms (Fig. 9). The hydrogen bond between these oxygen at-
oms appeared to be remarkable, because the energetic barrier of the 
proton transfer from one atom to another turned out to be very low. 
This indicates that the bond must be a low barrier hydrogen bond 
and the proton shared by these two carboxyl groups was named as a 
LBHB proton [32]. This result agrees with the self-symmetry of the 
retroviral protease molecules. At the same time, it shows that 
slightest deviations from this symmetry may result in the transition 
of the proton to one of the two oxygen atoms.  
 In the retroviral proteases there is a symmetrical system of in-
teractions. This symmetry of the system is disturbed upon substrate 
binding, which results in unequal interactions with the internal oxy-
gen atoms of the catalytic dyad. This assists the transfer of the pro-
ton located between them to one of the carboxyl groups. The easi-
ness of the LBHB proton transition to one of the oxygen atoms 
induces asymmetry in the charge distribution between the carboxyls 
and determines the possibility of developing the catalytic reaction. 
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Fig. (9). HIV-1 PR active site model according to Piana & Carloni [32]. 
according to the standard mechanism (see Scheme 1). Thus, the 
appearance of a charge on one of the carboxyl groups with the pres-
ervation of the neutral state of the other precedes the catalytic reac-
tion in the retroviral proteases and is due to the interaction of the 
enzyme with the substrate. In the proteases of higher organisms, the 
charged state of one carboxyl group and the neutral state of the 
other exist before substrate binding. This is an important difference 
between the structure and the properties of aspartic proteases of 
families A1 and A2. 
EFFECT OF THE INHIBITOR ON THE PROTONATION 
STATE OF THE ACTIVE SITE IN ASPARTIC PROTEASES 
 As we have seen above, the charge state of the titratable resi-
dues lining up the active site of AP’s have a profound influence on 
the catalytic driven reaction mechanism. The early stages of inhibi-
tor discovery were based upon the paradigm that the best inhibitor 
candidates should be transition state analogues. Hence, the informa-
tion obtained from the catalytic reaction pathway of AP’s was used 
for inhibitor design, as in the case of gem-diol based inhibitors. In 
turn, the information obtained from the studies of the enzyme-
inhibitor complexes, led in many cases to the knowledge of how the 
charge states of the titratable residues in the active site of these 
enzymes evolved during the catalytic reaction. As we shall see be-
low, the study of the changes of the charge state of ionizable resi-
dues upon inhibitor binding is of the essence in the design of more 
potent inhibitors in all stages of drug lead search. This line of work 
has been pursued by many authors, using both experimental and 
especially computational chemistry tools. In the next sections we 
review this line of work. 
I. Calculation of the Active Site Protonation State in Aspartic 
Proteases Bound to Inhibitors 
 Most of the work involved in studying the active site charge 
state has dealt only with the Asp catalytic dyad. The first attempts 
used molecular dynamics (MD) calculations of the structures of two 
HIV-1 PR/inhibitor complexes to shed some light onto the actual 
protonation state of the Asp dyad. MD calculations were performed 
for every complex starting from one of the possible Asp dyad 
charged states (di-anionic, mono-anionic and neutral). The aim was 
to search the Asp dyad protonation state that maintained the intri-
cate HB network between the ligand and the protein observed in the 
crystallographic structure, which was then identified as the most 
likely charged state [35]. The results indicate that, from all possible 
charged states, only one agrees well with the crystallographic data 
for each inhibitor. Much of the later work aimed at predicting the 
protonation state of the Asp dyad in other AP’s like BACE-1 [36] 
and plasmepsin II [37] started from a monoionic guess for the Asp 
dyad. (i.e., charge of -1) based on experimental and theoretical data 
for some inhibitors. Hence, the MD based simulations limited 
themselves to the assignment of the protonated state to one of the 
members of the Asp dyad. For this sake, two parallel MD trajecto-
ries of BACE-1complexed with the potent inhibitor OM99-2 were 
carried out to determine the preferred protonation state of the Asp 
dyad in the context that is consistent with the observed X-ray crys-
tal structure. The results show that a strong hydrogen bond between 
the inhibitor hydroxyl group and Asp228 can be maintained only 
when Asp32 is neutral and Asp228 is ionized [36].  
 Quantum mechanical (QM) calculations have also been applied 
to the understanding of the protonation state of the Asp dyad [38, 
39, 40]. For instance Rajamani and Reynolds [40] have explored 
the preferred ionization state for both Asp32 and Asp228 in BACE-
1, by using linear scaling QM calculations in which the desolvation 
penalties are calculated through a Poisson-Boltzmann approach. 
The enzyme-ligand structure had to be reduced drastically in size in 
order to make it amenable to this kind of calculations. The results of 
the QM approach favor the monoprotonated state, with the proton 
located in the inner oxygen of Asp228, in contradiction with the 
earlier MD calculations of Park and Lee [36]. Furthermore, these 
calculations support a neutral Asp dyad when the enzyme is ligand 
free. One of the shortcomings of both MD and QM calculations is 
that they are based on X-ray structures crystallized at pH values 
well above this enzyme’s optimal pH (4.5). It could be argued that 
the ionization state would be different at the optimal catalytic pH.  
 Another approach, applied to the prediction of the effect of the 
inhibitor on the enzyme’s Asp dyad charge state, is based on Pois-
son-Boltzmann calculations, an approach that allows the prediction 
of the protonation state of an ionizable residue in any pH range 
[41]. To test the effect of this variable on the Asp dyad actual 
charge Polgár and Keserü [42] have calculated the pH profile of the 
ionization state of these residues by an iterative Poisson-Boltzman 
procedure that allows for the change in charge of all buried polar 
residues. Interestingly enough, the results of Polgar and Keserü 
favor the monoprotonated state as well, but with the proton located 
in the Asp32 residue in both apo and holo structures, in disagree-
ment with the calculations of Rajamani and Reynolds [40]. An im-
portant result is that the charge assignment seems to be the same for 
the optimal enzymatic pH and for the pH at which this enzyme was 
crystallized, although the difference in the ionization fractions be-
tween Asp 32 and Asp 228 is smaller at lower pH, the one in which 
the aspartic proteases have optimal activity [42].  
 The ionization state of the Asp dyad should be essential for the 
conformation prediction and hit enrichment in docking experi-
ments. Several authors have used a single Asp dyad charge state as 
a protein template for inhibitor screening of large databases [42, 43] 
with contradictory results. While Polgár and Keserü [42] have 
shown, by using a variety of docking protocols, that their ionization 
assignment improves substantially the enrichment of ligands , the 
group of Caflisch [43] has shown that the more active compounds 
are scored better only when the opposite charge assignment is used 
[43]. Hence, the only consensus outcome provided by these studies 
is that the dyad possibly has a charge of -1, in line with the results 
for other aspartic proteases. Studies performed in our lab [44-46], 
and other labs [e.g., 16, 35], clearly indicate that the charge state of 
the active site of an AP will depend on the chemical nature of the 
putative ligand, and hence assuming a unique charge state for the 
active site of an AP when performing screening campaigns may 
lead to false positive or false negative leads. 
II. The pH as a Probe for the Charge State of Titratable Resi-
dues 
 The medium acidity governs both catalytic rates and inhibition 
of the aspartic protease family by modulating the protonation states 
of the catalytic Asp dyad and other ionizable residues in the active 
site of the enzyme.  
 Hence, one of the variables used for querying the enzyme-
inhibitor system about the protonation state of its ionizable func-
tional groups is the pH value. One of the main experimental venues 
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for studying the effect of pH on the charge state of the enzyme re-
lies on NMR experiments, as those that were carried out by 13C-
NMR studies on the complex between HIV-1 PR and pepstatin 
[47], DMP323 [48] and KNI-272 [49]. The results in the complex 
with pepstatin indicate that the catalytic carboxyls do not titrate in 
the pH range where the enzyme is active (pH 2.5-6.5), leading to 
the authors to propose that one Asp side chain is protonated and the 
other deprotonated. By contrast, in the absence of an inhibitor both 
Asp side chains are chemically equivalent, a result that brought the 
authors to suggest that both are deprotonated at pH 6, the optimum 
for enzymatic activity. However, these NMR observations in the 
unbound enzyme could be explained by the existence of a LBHB 
between the two inner Asp dyad carboxylate oxygens [32].  
 In the studies of the DMP323 (a cyclic urea inhibitor) binding 
to HIV-1 PR, several experimental techniques, which include 
chemical shift titrations, H/D isotope shift measurements and the X-
ray crystal structure of the complex, were used to determine the pKa
values of all Asp and Glu residues in the protease/DMP323 com-
plex [48]. The 13C-NMR data obtained on a fully 13C enriched sam-
ple of the protease bound to DMP323 provide strong evidence that 
the Asp25/125 (also referred as Asp A25/B25) carboxyl groups are 
protonated over the pD range 2-7, a result that is backed by the 
identical chemical shifts of the monomer units of the homodimer. 
Moreover, in the crystal structure, the Asp25/125 carboxyl side 
chains and inhibitor diol groups are oriented so that a hydrogen 
bond network having nearly ideal donor/acceptor bond angles and 
internuclear oxygen distances can be formed when the Asp residues 
are protonated, as seen in Fig. 10 [48]. 
Fig. (10). Proposed network of the hydrogen bonds formed by protonated 
Asp25/125 carboxyl side chains and diol groups of DMP323 [48]. 
 Unlike DMP323, KNI-272 is an assymetric HIV-1 PR inhibitor 
(Fig. 11). Hence, the complex it forms with the enzyme lacks sym-
metry, and the two protease monomers have distinct NMR spectra. 
Torchia et al. [49] carried out an NMR titration study of the Asp 
carboxyls of the protease/KNI-272 complex using fully 13C- and 
15N-labelled recombinant HIV-1PR in order to do monomer spe-
cific sequential signal assignments. The pKa values of the aspartic 
acid carboxyls of the complex were determined by measuring 
chemical shifts of Asp C  signals as a function of pD. The study 
provided experimental measurements of pKa values and ionization 
states of all Asp carboxyls. In contrast with the carboxyls of all 
other Asp residues, the C  chemical shifts of Asp25 and Asp125 are 
essentially independent of pD in the range 2.5-6.2. This implies that 
pKa values of both aspartic acids lie outside this range. These re-
sults are consistent with the crystal structure [50], which shows that 
both Asp side chains are buried by the inhibitor and not accessible  
Fig. (11). Interactions between the catalytic dyad in HIV-1 PR and inhibitor 
KNI-272 [55].  
to bulk solvent. The ionization states of the Asp carboxyl groups 
were determined from measurements of (a) the pD dependence of 
the chemical shifts of the Asp carboxyl carbons and (b) the H/D 
isotope effect upon the Asp carboxyl carbon chemical shifts. The 
results of these measurements indicate that the carboxyl of Asp25 is 
protonated while that of Asp125 is not protonated over the pD 
range from 2.5 to 6.2. The titration experiment could not be ex-
tended beyond these values because the protease/KNI-272 complex 
irreversibly precipitates outside this pD range. The experimental 
results agree with the prediction of a semi-empirical quantum me-
chanical calculation on the ionic states of catalytic Asp residues of 
the HIV-1 protease/KNI-272 complex [50]. According to the analy-
sis, the side chain carboxyl group of Asp125 is deprotonated in 
order to accept two hydrogen bonds, one from a tightly bound water 
molecule and another from a hydroxyl group on KNI-272. Unlike 
Asp125, the side chain of Asp25 is protonated in order to donate a 
hydrogen bond to a carbonyl oxygen of KNI-272. These distinct 
protonation states of Asp25/125 also agree with protonation states 
proposed for the protease complexed with hydroxylethylene-
containing inhibitors, in which one of Asp residues in the active site 
must be deprotonated in order to accept a hydrogen bond from the 
hydroxyl group of the inhibitors [51]. On the other hand, the differ-
ent protonation states observed herein for the Asp25/125 contrast 
with experimental results obtained for the protease/DMP323 com-
plex [48], which showed that both Asp25/ 125 carboxyl groups are 
protonated in the pD range extending from 2.2 to 7.0. Hence, these 
studies enforce the idea that the protonation states of the catalytic 
Asp side chains depend strongly upon specific interactions with the 
inhibitor and imply that knowledge of their pKa values is required 
for a detailed understanding of protease/inhibitor interactions.  
 The effect of the pH on inhibitor binding affinity have been 
determined also by isothermal titration calorimetry on a variety of 
complexes, including endothiapepsin/pepstatin [52], plasmepsin 
II/pepstatin [53], and HIV-1 PR/KNI-272 [54]. In this later case, 
calorimetric binding experiments performed as a function of pH and 
utilizing buffers with different ionization enthalpies have permitted 
the dissection of proton linkage effects [54]. According to these 
experiments, the binding of the inhibitor is linked to the protona-
tion/deprotonation of two groups and the binding affinity is maxi-
mal between pH 5 and pH 6. The analysis was consistent with the 
presence of two ionization sites with pKa values of 6.0 and 4.8 in 
the free protein and 6.6 and 2.9 in the complex. The site that has the 
highest pKa values both in the apo and in the holo state (6.0 and 6.6) 
is the one associated with the protonation enthalpy of a carboxylic 
group, strongly suggesting that this group is one of the aspartates in 
the aspartyl dyad. This result agrees with previous reports that one 
of these groups has a pKa of aproximately 6 in the free state, and 
that this pKa increases to higher values when bound to KNI-272 
[41, 49].  
 Finally, deep insights in the active site protonation state of 
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neutron crystallography at 1.9 Å resolution and X-ray crystallogra-
phy at 1.4 Å resolution [55]. The resulting structural data show that 
the catalytic residue Asp-25 is protonated and that Asp-125 is de-
protonated. The proton on Asp-25 makes a hydrogen bond with the 
carbonyl group of the allophenylnorstatine (Apns) group in KNI-
272. The deprotonated Asp-125 binds to the hydroxyl proton of 
Apns (Fig. 11).  
 Other studies use the pH as a probe to follow the binding affin-
ity inhibition constant in a pH range. Figure 12 display two inhibi-
tors (compounds 1 and 2), whose competitive binding with a sub-
strate was studied as a function of the pH [16]. Neither inhibitor 
possesses a titratable group in the pH range 3-7 (the tertiary amine 
group of compound 1 would be protonated at pH < 8). The resulting 
plots for the pKi (i.e., -log(Ki)) vs. the pH values indicate radical 
differences amongst these compounds. For compound 1, pKi dimin-
ishes at decreasing pH, indicating that the two enzymatic groups 
which have pKa values of 4.9 + 0.06 and 3.1 + 0.1 must be deproto-
nated for this cationic inhibitor to bind. The pKi, profile for the 
uncharged inhibitor 2 peaked at around pH 4, close to the optimal 
pH of this enzyme. The work of this authors seems to indicate that 
compound 2 binds to the protease when an enzymatic group of pKa1
= 3.3 + 0.1 was deprotonated and bound more tightly to the enzyme 
when a residue of pKa2 = 5.3 + 0.09 was protonated. In summary, 
the cationic inhibitor 1 binds only to a form of the protease in which 
both of these groups are unprotonated, while the uncharged inhibi-
tor 2 binds to this enzyme form less favorably than one which is 
monoprotonated. Taken as whole, these results indicate that the 
chemical structure of the inhibitor have a profound influence in the 
charge state of the ionizable residues lining the active site of AP’s.  
Fig. (12). Chemical structure of inhibitors 1 and 2.
III. New Venues for Predicting Residue Charge State in Aspar-
tic Proteases: the SPR/MM Approach 
 Binding assays like the ones used above [16] may have some 
shortcomings that originate on the competitive regime with a sub-
strate, whose binding and catalysis may be pH dependent [44, 56]. 
This problem can be partially solved by using substrates that dis-
pense with ionizable residues, as in the case of the work by Hyland 
et al. [16].  
 Recently, we have proposed an alternative way for predicting 
the pKa values of the active site ionogenic groups in an enzyme-
ligand complex that combines the experimental determination of 
inhibitor binding affinity at a range of pH values with a computa-
tional protocol aimed at explaining the experimental trends based 
on the prediction of the pKa values for the protein and inhibitor 
ionogenic groups. This roadmap has been made possible by the 
emergence of Surface Plasmon Resonance (SPR) affinity assays 
and by the computer assisted techniques that allow for a fast and 
more reliable prediction of the ionization states of the protein 
groups at a given pH value. On one hand, SPR binding affinity 
assays avoids the recurrent problems present in FRET assays since 
it precludes the need for a protocol based on a competitive regime 
with a substrate, whose binding and catalysis may be pH dependent 
[56-58]. Moreover, generalized Born (GB) approaches to the solu-
tion of the Poisson Boltzmann equation have allowed faster and 
more accurate evaluation of the pKa of the ionizable protein resi-
dues when the protein is bound to a given inhibitor [59, 60], a step 
aimed at assigning the protein residues protonation states (at a 
given pH value) that serves as the starting point for the molecular 
mechanics (MM) simulations. The conformations resulting from the 
MM based simulations are used to evaluate our MM/GB/SA type of 
scoring function and help to rationalize the SPR results [44-46]. 
 This approach has been applied recently to probe inhibitor bind-
ing to BACE-1 [44, 45] and HIV-1 PR [46], two very important 
drug targets belonging to the A1 and A2 aspartic protease families 
respectively [1]. Our studies have allowed us to address some issues 
that hitherto have remained unsolved. For instance, it is known that 
BACE-1 is anchored to the surface of the cell, where the pH should 
be close to neutral. Nonetheless, the optimal catalytic pH is in the 
acidic range (4.5-5.5), close to the value that exists in the endoso-
mal vehicles where is internalized by the cell. A similar picture 
emerges from the search for drug leads in HIV-1 PR. In this case as 
well, the inhibitor binding affinity to HIV-1 PR assays are per-
formed at the optimum enzymatic pH (ca. 5.5), where the enzyme is 
catalytically active. However, it is possible that HIV-1 PR inhibi-
tors may bind also at physiological pH if they are to be useful as 
drugs. In fact many HIV-1 PR inhibitors are less active in cell and 
animal assays than in the low pH tests used to screen the leads in 
enzyme binding assays. To bridge this disconnect we have studied 
the inhibitor binding affinity to both HIV-1 PR and BACE-1 by 
SPR biosensor technology at various pH values ranging from those 
present in an acidic medium to those that are close to a neutral val-
ues, which in the case of BACE-1/inhibitor complexes have been 
used for X-ray structural studies (i.e., 7.4).  
 The inhibitors used for studying the pH effect on binding affin-
ity in BACE-1 and HIV-1 PR are listed in Tables 1 and 2 respec-
tively. As seen from Table 1, we have chosen for the BACE-1 study 
a set of inhibitors of varied chemical structure ranging from pep-
tidic inhibitors that where discovered in early stages of the drug 
discovery efforts, to later generation compounds with lower pep-
tidic contents. The HIV-1 PR inhibitors include some of the fully 
peptidic inhibitors like acetylpepstatin as well as some of those that 
are used clinically in the HAART protocol like indinavir, nelfinavir 
and saquinavir (Table 2).
Effect of the Chemical Nature of the Inhibitor on the Protein 
Residue pKa Values 
 One of the most interesting results of this work is that the pKa
values of the acidic residues of the protein depend on the chemical 
nature of the bound inhibitor. To substantiate this issue we have 
calculated the tritration curves for the Asp dyad catalytic machinery 
of BACE-1 (Fig. 13) and of HIV-1 PR (Fig. 14) when bound to 
some of the inhibitors listed in Tables 1 and 2. The titration curves 
depict the protonation fraction (X), the amount of each of the Asp 
dyad side chain residues that is protonated, as a function of the pH 
value. One of the most common features observed in the Asp titra-
tion curves of BACE-1 is that the residue Asp 32 stays protonated 
at a larger range of pH values than its Asp dyad partner, Asp 228. 
Nevertheless, the chemical structure of the inhibitor seems to have a 
very strong influence on the actual shape of the titration curves and 
specifically on the protonation fraction at the pH values we are 
most interested in (i.e., 4.5 and 7.4). For instance, when BACE-1 is 
bound to peptidic inhibitors with a hydroxyethylene (HE) group in 
their isostere like those in the PDB complexes 1FKN and 1M4H 
[61, 62], both Asp dyad partners remain protonated until pH 6, due 
to their large pKa shift from their solution value (around 4.1), lead-
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state at pH 7.4 for the Asp dyad. On the other hand, our calculations 
predict that the presence of an amino group that interacts with one 
or both members of the Asp dyad, like in the PDB complexes 2B8L 
[63], 2VNN analogue [64], or 2IRZ [65], reduces their pKa to val-
ues closer to the ones in solution (especially for the case of Asp 
228). The difference between the HE based inhibitors and the latter 
type of ligands may reside in the fact that the ammonium group has 
a high pKa value (ca. 10) and will remain charged inside the protein, 
providing electrostatic interactions that help to lower the Asp resi-
dues pKa values. For this reason, the inhibitors containing hydroxy-
lethylamine (HEA) or those containing an amino group promote a 
mono protonated dyad at low pH value (4.5). At a higher pH value 
(7.4) this effect leads to Asp dyad monoprotonated state (2B8L, 
2VNN analogue) or to a fully doubly charged Asp dyad like in the 
case of the complex 2IRZ.  
 A similar picture emerges from the analysis of the HIV-1 PR 
titration curves. As seen from Fig. 14, the presence of a charged 
fragment (like the amino group) present in nelfinavir, lowers the 
pKa values of both members of the Asp dyad, as compared to those 
found in HIV-1 PR bound to a neutral ligand (B369).  
 Tables 3-5 display the pKa for the buried BACE-1 and HIV-1 
PR acidic residues. As seen from these tables, the residues that 
undergo the largest upward shift in pKa are the Asp dyad residues in 
both enzymes. Nevertheless, other residues display smaller but 
noticeable upwards or downwards pKa shifts with respect to the 
values of Asp and Glu model compounds in solution. For instance, 
residues Glu 116, Glu 200 and Glu 339 in BACE-1 exhibit upwards 
shifts of around two pKa units, for all inhibitors studied see Table 3.
Perusal of these structures indicates that the pKa change is brought 
about by the burial of these residues inside the enzyme. On the 
other hand, residues Asp A29/B29 in all HIV-1 PR complexes dis-
play a downward shift (see Tables 4 and 5) of more than one pKa
unit, due to their polar environment.  
Table 1. BACE-1 Inhibitors Studied by our SPR/MM Approach 
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Table 2. HIV-1 PR Inhibitors Studied by our SPR/MM Approach 
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Fig. (13). Titration curves for the catalytic Asp dyad residues of BACE-1 complexes. 
Fig. (14). Titration curves for the catalytic Asp dyad residues of HIV-1 PR complexes with inhibitors B369 and nelfinavir. 
On the Charge State of the Asp Dyad in BACE-1 and HIV-1 PR: 
A Case for Enzyme-Inhibitor LBHB’s 
 The catalytic Asp dyad residues are a special case, since they 
are deeply buried, but in a polar environment which provides a 
network of hydrogen bonds amongst them and with other functional 
groups of the inhibitor and the protein residues. Hence, the pKa
increase upon inhibitor binding predicted for the Asp dyad by our 
protocol is rather intriguing, and in some cases it may be seem at 
variance with some experimental results. For instance, our results 
indicate that the Asp dyad will only be in the monoprotonated state 
at the highest pH (7.4), while some experimental results, like those 
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Table 3. pKa Values for Buried Residues in BACE-1/Inhibitor Complexes 
PDB code 
Residuea
1FKN 1M4H 2B8L 2IRZ 2VNNb
Asp 32 10.46 10.35 8.35 6.88 8.67 
Asp 83 4.49 4.74 4.79 4.87 4.83 
Asp 138 2.98 3.11 3.23 3.38 3.41 
Asp 228 7.26 7.68 4.47 4.01 4.11 
Asp 311 3.04 3.53 3.88 3.59 3.62 
Asp 346 4.46 4.46 4.55 4.59 4.49 
Asp 363 3.34 3.25 3.08 3.06 3.24 
Glu 116 5.66 6.07 5.95 6.09 5.80 
Glu 200 5.95 5.63 5.50 5.52 5.43 
Glu 207 4.79 4.67 5.02 5.02 4.60 
Glu 219 4.40 4.38 4.06 4.61 4.57 
Glu 339 6.72 6.73 6.10 6.26 6.44 
aThe pKa value for Asp and Glu residues in solution are 3.9 and 4.2, respectively. The two catalytic residues are Asp 32 and Asp 228. 
b2VNN analogue 
Table 4. Predicted pKa Values for Acidic Residues in HIV-1 PR when Bound to Neutral Inhibitors 
Residue A008 B268 B369 
Asp A25 8.64 10.23 10.24 
Asp A29 2.77 3.01 3.51 
Asp A30 4.78 4.06 4.08 
Asp A60 3.66 3.50 3.60 
Asp B25 7.40 6.91 6.70 
Asp B29 2.49 3.02 3.84 
Asp B30 4.12 3.91 3.69 
Asp B60 2.77 3.60 3.47 
Glu A21 4.41 4.30 4.25 
Glu A34 4.82 5.17 5.23
Glu A35 4.18 4.13 4.15
Glu A65 3.73 3.67 3.65
Glu B21 4.46 4.26 4.26
Glu B34 5.01 5.01 4.98
Glu B35 3.79 3.77 3.95
Glu B65 3.87 3.80 3.77
range of pH values. The NMR experimental support for the mono-
protonated state was obtained from the analysis of 13C NMR data of 
the complex between HIV-1 PR and pepstatin [47], which exhibits 
two distinct signals at 172.4 and 178.8 ppm that remain unchanged 
in the pH range between 2.5 and 6.5, thus indicating that the Asp 
dyad protonation state does not change in this pH range. Of the two 
peaks, the one at low field one is the only one that undergoes an 
isotopic shift. Nevertheless, these NMR results for the HIV-1 
PR/acetylpepstatin complex seem to be amenable to more than one 
interpretation. Piana et al. [66] proposed a diprotonated Asp dyad 
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based on an ab-initio molecular dynamics assignment that includes 
the calculation of 13C chemical shifts and isotopic shifts. In their 
work, they show that the only Asp dyad charged state that repro-
duces these NMR observables is the neutral one, in agreement with 
our predictions. In the case of the HIV-1 PR/DMP323 complex, our 
calculations [46] reproduce quite well the protonation state assign-
ment for all acidic residues obtained by NMR experiments [48]. 
Nevertheless, for other inhibitors, like KNI-272, recent results of a 
high resolution X-ray structure, together with a neutron diffraction 
study [55] display the existence of densities only next to the oxygen 
of one of the Asp residues in the Asp dyad, implying the existence 
of a monoprotonated assignment for this system.  
 For the HIV-1 PR, the results shown here support the possibil-
ity that the Asp dyad charge state is neutral at the pH value at which 
this enzyme is most active (e.g., 4.5-6), since the pKa values of their 
Asp residues are for the most part above 6. As seen from Tables 4
and 5, the dyad monoprotonated state is only prevalent at the high-
est pH value (7.4) when HIV-1 PR is bound to inhibitors B268, 
B369, indinavir, nelfinavir and saquinavir. Similar results were 
obtained for BACE-1 peptidic inhibitors containing a hydroxyeth-
ylene moiety [44, 45]. The only HIV-1 PR complex where the Asp 
dyad becomes monoprotonated at the lowest pH (5.6) is the one 
formed with saquinavir, when this ligand is protonated see Table 5.
 We propose a possible explanation for this outcome based on 
the existence of a LBHB between the hydroxyl group located on the 
inhibitor’s isostere and the oxygen of the carboxylate groups that 
belong to the Asp dyad (see below). One of the defining character-
istics for a LBHB is the existence of a very short hydrogen bond 
distance between donor and acceptor [29, 67]. Already, in some of 
the earliest crystallographic structures of HIV-1 PR complexes 
(e.g., HIV-1 PR bound to acetylpepstatin) it was observed that the 
distance from the hydroxyl oxygen of the inhibitor to one of the 
oxygens of the side chain of an Asp dyad member could be as short 
as 2.2 Å [68], raising the possibility of a low barrier hydrogen bond 
between these two atoms.  
 The existence of compact hydrogen bonds, that provides evi-
dence for LBHB’s, have been confirmed as well by atomic resolu-
tion X-ray and neutron diffraction studies of ligand bound aspartic 
proteases, like in endothiapepsin [27], suggesting that LBHB’s may 
be a common feature for some aspartic protease-inhibitor com-
plexes. It has been posited that in LBHB’s, the proton that mediates 
the HB could undergo tunnelling, from the energy-well located next 
to hydroxyl oxygen of the inhibitor to the one next to the carboxy-
late oxygen [67]. In such a system the proton could be found at both 
positions (see Fig. 15, panel B), resulting in the dispersion of the 
negative charge of the Asp residue. It may be argued that the tun-
nelling in the LBHB populates the Asp dyad diprotonated state, and 
hence it may be claimed that this charged state could be a molecular 
mechanics compromise representation of the entities implied by 
LBHB (Fig. 15).
Evaluating Binding Affinities at Different pH Values 
 The comparison of the calculated pH effect upon binding with 
the experimental one provides a testing ground for validating our 
pKa predictions listed in Tables 3-5. The structures with the protein 
residue charge assignment at a given pH (based on these pKa val-
ues) serve as the input for the evaluation of the inhibitor binding 
scoring function: 
< Gbind>= < Gmm(P:L) - Gmm(P)- Gmm(L) + Ggb(P:L) - Ggb(P) 
- Ggb(L)>                                                                                       (1) 
Table 5. Predicted pKa Values for Acidic Residues in HIV-1 PR when Bound to Inhibitors with Titratable Groups 
Indinavir Nelfinavir Saquinavir Ac-pepstatin 
Residue Chargeda Neutralb Chargeda Neutralb Chargeda Neutralb Chargeda Neutralb
Asp A25 7.21 7.29 6.15 7.36 5.61 6.56 8.67 8.77 
Asp A29 2.19 2.42 2.10 2.23 2.84 2.94 2.79 2.80 
Asp A30 3.66 3.76 4.40 4.75 4.29 4.37 4.74 4.75 
Asp A60 3.42 3.44 3.09 3.11 3.52 3.53 3.46 3.46 
Asp B25 9.41 9.57 8.89 9.85 8.03 8.74 7.30 7.41 
Asp B29 3.35 3.51 2.11 2.32 2.31 2.52 2.37 3.30 
Asp B30 4.56 4.60 3.94 4.08 4.02 4.15 3.88 5.04 
Asp B60 3.36 3.37 3.24 3.25 3.01 3.03 3.69 3.72 
Glu A21 4.26 4.29 4.38 4.41 4.62 4.63 4.81 4.83 
Glu A34 4.32 4.35 4.98 5.05 5.02 5.41 5.31 5.35 
Glu A35 4.23 4.25 3.68 3.71 3.74 3.76 4.14 4.15 
Glu A65 3.67 3.67 3.58 3.60 3.54 3.55 4.09 4.09 
Glu B21 4.47 4.52 4.53 4.55 4.09 4.12 4.95 4.95 
Glu B34 4.72 4.83 5.07 5.11 5.20 5.25 4.85 4.86 
Glu B35 3.65 3.68 3.97 4.00 4.23 4.25 3.72 3.74 
Glu B65 3.83 3.85 3.56 3.57 3.75 3.76 3.46 3.47 
a Inhibitor in the singly charged state.  
bInhibitor in the neutral state. 
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Where Gmm and Ggb indicate the molecular mechanics 
CHARMM force-field [69] and the GBSW solvation [59] compo-
nents respectively, for the protein-ligand complex (P:L), protein (P) 
and ligand (L). 
 Whenever the pH falls very close to the pKa value of a AP 
acidic residue, both neutral and charged species are equally popu-
lated. Hence, additional structures with the alternative protonation 
states are needed in order to evaluate our scoring function. When 
this situation arises the final binding scoring function was obtained 
through a weighted binding scoring function for both protonation 
states. 
Gbind = X1 Gbind(0) + (1-X1) Gbind(-1)                         (2) 
Where Gbind(0) and Gbind(-1) are the scoring function values 
when an acidic residue is protonated or charged respectively. X1 is 
the protonation fraction for a specific residue, obtained from its pKa
value through the Henderson-Hasselbalch equation for a given pH. 
Detailed methodological aspects of this work can be found in refer-
ences 44-46.  
 Below we review some of the insights gained by these calcula-
tions for BACE-1 and for HIV-1 PR.  
a). Results for BACE-1
 Table 6 lists the dissociation constants (KD) obtained by SPR-
biosensor experiments, together with the results of the affinity scor-
ing at both pH values calculated from equation 1. The energy val-
ues in this table were the result of an average over the 100 confor-
mations with the lowest scoring function values. Values in paren-
thesis refer to the weighted scoring function, when the fraction of 
the protonated state for this residue is very close to 0.5.  
 As seen from this table, our scoring function reproduces the 
ranking of binding for every inhibitor upon a pH increase. For in-
stance, our calculations show that the ligands that contain an isos-
tere with a hydroethylene motif are predicted to have their highest 
affinity for the protein at the pH value at which the enzyme has the 
highest catalytic activity (4.5), in agreement with the observed af-
finities. This trend stands to reason since the isosteres in these in-
hibitors (OM99-2 and OM00-3) are transition state analogues and 
their ligand binding affinity ranking upon pH change should mimic 
that of the pH dependence of substrate binding. When the anchoring 
motif to the Asp dyad is an amino group, this trend inverts and the 
highest affinity is observed at pH 7.4, also in agreement with ex-
periment. The rationale behind this behaviour could be possibly 
found in the charged nature of the amino group, which has a pKa of 
around 10 in solution, and would likely remain protonated inside 
the protein and induce the ionization of the Asp dyad, resulting in 
the formation of a salt bridge between both charged groups, and 
hence raising the affinity of the ligand for the protein at this pH 
value. The KD values obtained from SPR-biosensor experiments 
indicate that those inhibitors with a mixed isostere’s anchoring 
motif (i.e., those with a hydroxylethylamine motif) have a mixed 
behavior regarding the optimal pH for inhibitor binding to the pro-
tein, a trend that is predicted by our scoring function calculations as 
well. As can be seen from Table 6 compound I-5 shows almost 
equal KD at both pH values, while compound I-3 has a higher affin-
ity for the enzyme at higher pH. In the case of the 2B8L complex, 
the resulting binding affinity pH dependence could be traced back 
at least in part to the Asp dyad possible multiple protonation state. 
While the Asp 32 has a predicted pKa value of 8.4 and hence will 
remain protonated at both pH values, the other member of the Asp 
dyad (Asp 228) has a pKa value only slightly lower than 4.5 see 
Table 3, which will result in an almost equal population of charged 
and uncharged species at the lower pH. In this case we have per-
formed a weighted binding affinity prediction as described above.  
 Since aspartic proteases generally present their highest activity 
at acidic pH values, it is believed that they act in cell compartments 
where the pH is low. Nevertheless, BACE-1 is found at the cell 
surface where pH is neutral. As seen from Table 6, the cell assays 
performed in our group indicate that those inhibitors that have a 
high enzyme affinity both at high and low pH values (i.e., those 
inhibitors with a HEA moiety) also show high activity at cellular 
level. Furthermore, it was found recently that some BACE-
1inhibitors based on aminoheterocyclic fragments have a good cell 
activity in the low M range and similar enzyme affinities at both 
acidic and close to neutral pH (6.5) [70]. A possible explanation for 
these results is that although BACE-1 is catalytically active once 
transported to endosomal vesicles where the pH is acidic, only 
compounds that also interact with the enzyme at neutral pH will be 
co-transported with the enzyme into this compartment. Hence, 
compounds that bind BACE-1 at acidic as well as neutral pH values 
could in principle be good candidates for optimal performance at 
cellular level, a design avenue for cell active compounds which 
could be explored for a larger number of compounds. The results 
presented here indicate that our computer assisted protocols for the 
evaluation of the pH dependence could be ideally suited to assist in 
the design of cell active analogues.  
b). Results for HIV-1 PR
 Table 7 displays the SPR based binding free energies as well as 
the scoring function values for each inhibitor at the three pH values 
(4.1, 5.1 and 7.4) used in our studies. As in the case of BACE-1, 
both the protonated and the charged state of an acidic residue con-
tribute to the binding affinity score when its pKa falls very close to 
the pH value. For instance, as seen from Table 4, when HIV-1 PR is 
bound to inhibitor B369, the calculated pKa value for residue Asp 
A30 is 4.08, leading to almost equal populations of ionized and 
neutral charged states for this residue at pH 4.1. Another example 
relates to the Asp dyad residues, which exhibits large pKa shifts to 
values that are more typical for basic residues. In some cases (indi-
navir, nelfinavir) their pKa values are close to the highest pH value 
studied (7.4), resulting also in similar populations at both charged 
states for the Asp A25 residue. Taking into account both charged 
states in our binding affinity calculation improves in some cases the 
binding ranking affinity agreement with experimental results (see 
Table 7).
Fig. (15). (A) and (C) represent two of the three possible protonation states (mono- and di-protonated) for the Asp dyad, (B) is a schematic representation of a 





















On the Active Site Protonation State in Aspartic Proteases Current Pharmaceutical Design, 2013, Vol. 19, No. 23    4271
 The protonation fraction value (at a given pH) of the ionizable 
groups belonging to the inhibitors studied here also influence the 
binding affinity of the inhibitor. For instance, indinavir, nelfinavir 
and saquinavir have at least one amino group with a pKa above 7. 
Nevertheless, perusal of the active site in the ligand-protein struc-
tures indicates that the inhibitors’ amino groups do not form hydro-
gen bonds or direct ion pairs with any protein polar groups. This 
raises the possibility that the protonated amino group’s pKa value in 
these inhibitors would be lower than the ones predicted in solution, 
leading to a neutral ligand at lower pH value (when bound) than in 
solution. In order to search for the actual amino group protonation 
state in these inhibitors we have calculated the scoring function 
binding affinity for both the neutral and protonated states. In the 
case of nelfinavir, the scoring function results that rank binding 
affinities better are the result of neutralizing the amino group at pH 
above or around 5.1. This outcome supports the notion that the pKa
value for the most basic protonated amino group is around this 
value and suggests a possible explanation for the increase in bind-
ing affinity when the pH rises to 5.1. The neutralization of the 
ligand at pH 5.1 generates a more hydrophobic molecule with a 
lower desolvation penalty (results not shown), a result that favors 
binding to the enzyme.  
 As seen from Table 7, when both the multiple protonation states 
of the protein residues and the inhibitor protonation state change at 
a given pH are taken into account, there is a fair correlation be-
tween the observed and calculated binding affinity trends, upon a 
change in pH.  
 The results described here raise the possibility of designing 
inhibitors with different affinity pH dependences. For instance, we 
predict that replacement of the C-terminal carboxylate group in 
acetylpepstatin by a polar non-charged group like an amide, may 
lead to an increase (rather than a decrease) in affinity when the pH 
rises from 5.1 to 7.4 (see Table 7).
 The experimental affinity trends amongst inhibitors, at a given 
pH value, are not as well reproduced as those related to an increase 
in pH (see Table 7). This may be related to the conformational en-
tropy penalty contributions from inhibitors that have substantial 
structural differences. For instance, Ac-pepstatin is predicted to 
have a higher affinity than A008, in contrast to the experimental 
trend (see Table 7). Perusal of the chemical structures indicate that 
the former inhibitor has a peptidic nature and has many more de-
grees of freedom than A008 and hence should ‘pay’ a much higher 
entropic penalty upon binding to the enzyme. Including the con-
formational entropic terms should bring the predicted ranking more 
in line with experiment. 
IV. Effect of the Ligand and Active Site Residues Charges on 
Pose Identification and Hit Screening Campaigns 
 The studies described in previous sections that have been car-
ried out in our lab [44-46] and others [16,35] clearly demonstrated 
that each inhibitor (when bound to an AP enzyme) promotes an 
unique charge state in the active site ionogenic residues at a given 
pH value. Moreover, our combined SPR/MM studies on both 
BACE-1 and HIV-1 PR reviewed above clearly indicate that the 
binding affinity trends upon a pH change depend ultimately on the 
polar groups located close to the catalytic dyad (i.e., the fragment 
that directly binds to the Asp dyad, like the isostere in pepti-
domimetic inhibitors). As seen from our calculations, inhibitors that 
have isosteres with similar polar groups will induce analogous 
charge states of the protein ionogenic residues. As a result, it will 
be expected that the correct pose identification and the screening 
enrichment in docking based hit campaign searches will depend 
substantially on predicting the correct pKa values of the acidic resi-
dues lining up the active site. Hence, predicting charge state for the 
titratable residues in the active site of AP’s ahead of docking ex-
periments should improve their outcome. In this regard, classifying 
the putative binders according to the fragment that is expected to 
bind to the Asp dyad should be a useful step.  
 Much of the recent work on this issue has been carried out on 
BACE-1 [40,42,43,71-73], the AP therapeutic target that has at-
tracted most attention recently. For instance, Barman & Prabhakar 
have performed self-docking calculations on a set of chemical di-
verse inhibitors, using as protein templates the cognate protein 
structures with eight of the possible Asp dyad protonation states 
[72]. Interestingly enough, inhibitors bearing a HE type isostere 
(see Fig. 3) found a pose with RMSD < 2.0 when the dyad was 
either mono-protonated or di-protonated, indicating that both proto-
nation states could be present in the BACE-1 bound to HE based 
inhibitors like OM99-2 or OM003 (see Table 1), very much in line 
with the predictions based on our combination of SPR experiments 
and MM calculations discussed above [44, 45]. Previously, Raja-
mani & Reynolds [40] also found (by QM calculations) that at low 
Table 6. Cell assay Data and pH Effect on Experimental and Calculated Affinity Values 
KD (nM)c Scoring function (kcal/mol)d
PDB code Inhibitor Cellular b IC50 (nM) 




940 < 10 617 ± 2.8 -65.0 ± 3.4 
-57.2 ± 3.1 




---- <10 171±19 -71.4 ± 2.8 
-53.0 ± 3.4 
(-53.1 ± 3.3) 
2B8L I-3 22 93 ± 17 16 ± 3 
-59.8 ± 3.3 
(-58.4 ± 3.3) 
-61.0 ± 3.0 
2IRZ I-4 86 105 ± 34 42 ± 20 -45.8 ± 3.8 -53.2 ± 2.4 
2VNNa I-5 3 4 ± 0.3 5 ± 0.8 -45.2 ± 3.6 -45.5 ± 3.9 
2VKM I-6 0.1 < 10 < 10 ---- -----
a2VNN analogue 
b Inhibition of A -production in HEK293 cells stably transfected with Swedish mutant APP 
c The standard deviations are based on at least 2 independent experiments. 
dValues in parenthesis were calculated by weighting the affinities with their protonation fraction states when those values are close to 0.5 
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pH the diprotonated state could be populated in the BACE-
1/OM99-2 complex.  
 As mentioned above, we predict that the actual pKa values of 
the ionizable groups in the inhibitor play a crucial role in predicting 
the effect of the pH on binding affinity. This outcome may seem at 
odds with some of the results of the work of Polgar et al. [71], who 
performed a thorough structure based virtual screen to investigate 
the impact of ligand protonation on screening efficiency. They 
found that a scoring function that only includes the protein-ligand 
van der Waals term, neglecting electrostatic interactions altogether, 
produced the largest enrichment in docking based screenings [71].  
 Most recently, Kacker et al. [73] combined MD simulations 
with QM calculations into a protocol for the prediction of the Asp 
dyad protonation state in a number of BACE-1/inhibitor complexes 
to explore self-docking, cross-docking and virtual ligand screening. 
Unfortunately, they only allowed Asp dyads with mono-protonated 
or di-anionic charge states, precluding the possibility of comparing 
their results with those of our studies [44,45].  
CONCLUSION 
 In the present work we reviewed the effect of the protonation 
states of the titratable residues in AP’s catalysis and inhibition in 
these enzymes.  
 In the first section we discussed the catalytic mechanism in both 
the eukaryotic and viral AP’s. In general, the acid driven catalysis 
requires that one of the members of the Asp dyad would be ionized 
in order to activate the water molecule for the nucleophilic attack, 
while the second member needs to be protonated in order to en-
hance the electrophilic nature of the substrate carbonyl group (see 
Scheme 1). Although, as expected, there are many similarities in the 
catalytic pathway for both A1 and A2 families of enzymes, some of 
the experimental observations and computational chemistry calcula-
tions indicate clear differences in their mechanism of action. While 
in the retroviral A2 family binding of the substrate induces the 
mono-ion charge state for the Asp dyad, in the A1family this charge 
state seems to be already present in the unbound state of the pro-
teins.  
 The crystallographic work at atomic resolution together with 
neutron diffraction studies of AP’s has shed much light on the reac-
tion mechanism. Nevertheless, there are many issues left open. For 
instance, in one of the most appealing proposals, LBHB’s were 
postulated as an essential part in every step of the reaction mecha-
nism [31]. Catalytic rate enhancement in AP’s could be explained 
in part by the lowering of the barrier for proton transfer in a hydro-
gen bond from donor to acceptor, which is a typical feature of 
LBHB’s. The experimental support for this type of bonds is rather 
scarce. Most of it supports short HB between inhibitor hydroxyl 
groups and carboxyl oxygen of one of the members of the Asp 
dyad. Short distances between the inner oxygens of the Asp cata-
lytic dyad have been found in HIV-1 PR complexes, and the short-
est (2.30 Å) when this enzyme is bound to reaction products [74]. 
 The design of highly potent AP inhibitors, that could be the 
basis for drug leads require a deep knowledge of the protonation 
state of the active site residues induced by their presence. This vital 
issue has been tackled by experimental techniques like NMR, X-ray 
crystallography, calorimetric and binding kinetic techniques. In 
many studies, the pH dependence of some observables (as the NMR 
chemical shift, or the FRET binding affinity) was used to shed 
some light on the charge state of the titratable residues. Many types 
of calculations aimed mostly at elucidating the Asp dyad charged 
state when the enzyme is bound to an inhibitor were also carried out 
by MD, QM or Poisson Boltzmann type calculations. Recently, we 
have developed a protocol that combines monitoring the pH effect 
on binding affinities by SPR methods and rationalization of the 
results by MM based calculations. We have used this combined 
Table 7. Effect of pH on Experimental and Calculated Affinity Values 
Scoring function (kcal/mol)a KD (nM)Inhibitor
pH 4.1b pH 5.1 pH 7.4c pH 4.1 pH 5.1 pH 7.4 
A008 -79.85 
(-79.98)
-80.18 -78.75 1.83 1.84 6.95 
B268 -87.22 -87.46 -85.50 2.97 3.00 10.80 
B369 -99.93 
(-101.35)
-101.42 -99.69 1.14 1.00 13.90 
Indinavir  -100.76 
(-92.82)
Indinavir (+) -88.55 -91.96 (-92.82) 
5.45 1.38 1.20 
Nelfinavir -91.5 -90.70 
(-90.80) 
Nelfinavir (+) -88.55 -89.12 -92.80 
37.6 2.99 3.40 
Saquinavir -92.38 -96.23
Saquinavir(+) -91.44 -92.49 -94.89 
4.13 0.637 0.577 
Acpepst -95.73 -88.80 -94.2 
(-95.0) 
Acpepst (-) -- -92.17 -91.84 
208 759 8150 
aBold numbers indicate the protonation states that have similar trends to the experimental.  
bValues in parentheses were calculated by weighting the affinities obtained by taking into account both protonation states for the residue Asp30.  
cValues in parentheses were calculated by weighting the affinities obtained by taking into account both protonation states for the residue Asp25. 
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method on BACE-1 and HIV-1 PR, two important therapeutic tar-
gets. Our calculations are able to reproduce the inhibitor binding 
trends to either enzyme upon a pH increase. The results indicate 
that inhibitors that differ in the Asp dyad anchoring fragments will 
present different binding affinity trends upon a pH increase. Our 
calculations have enabled us to predict the protonation states at 
different pH values that underlie the above mentioned trends. We 
have found out that these results have many implications not only 
for in silico hit screening campaigns aimed at finding high affinity 
binders, but also (in the case of BACE-1) for the discovery of cell 
active compounds. Recently, there has been a flurry of docking 
calculations in BACE-1, performed with a variety of Asp dyad 
protonation states, aimed at including the best performing Asp dyad 
protonation states in screening campaigns [72, 73]. Specifically, 
Barman & Prabhakar [72] found out that the use of different Asp 
dyad protonation states could lead to ligand posses that are close to 
the experimentally observed conformations. Some of the Asp dyad 
protonation states that resulted from this research are in line with 
our predictions. For instance, in the case of HE inhibitors, the bind-
ing pose could be reproduced by a neutral Asp dyad, in agreement 
with our SPR/MM results [44, 45].  
 Some of the above studies [73] have aimed at finding a protona-
tion state that could both identify the correct binding poses (in self- 
or cross-docking experiments), and at the same time generate sub-
stantial enrichments when screening putative ligands. One possible 
hurdle for this dual track aim lies in the different experimental con-
ditions needed for experimental binding affinity assays and the X-
ray structure experiments that allows ligand pose identification. For 
instance, in the case of BACE-1, most of the binding assays are 
performed at the enzyme’s optimal pH (4.5-5.5), while the crystal 
structures studies are performed at a pH close to neutral (6.5-7.4). 
Hence, rather than assigning a single protonation state to be used 
both for pose validation and virtual ligand screening, it would be 
desirable to calculate the titration curves for these residues (as 
shown in Figs. 13 and 14) and hence the protonation state at any pH 
value, as a starting point for pose prediction and virtual ligand 
screening campaigns. 
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Abstract In this work we propose a protocol for esti-
mating the effect of pH on the docking performance to
BACE-1, which affords the charge state of the inhibitor as
well as the protonation state of all ionisable residues in the
protein at a given pH value. To the best of our knowledge,
this is the ﬁrst report of a protocol predicting the BACE-1
ligand docking poses not only at the neutral pH at which
most crystallographic structures were obtained, but also at
the optimal pH of the enzyme (in the acidic range), at
which most of the BACE-1 binding afﬁnity assays are
performed. We have applied this protocol to a set of 23
fragment-like BACE-1 ligands that span four orders of
magnitude in their binding afﬁnities. The pKa values of the
BACE-1 acidic residues deviate substantially from the
estimates for model compounds in solution and display a
ligand dependent variability, especially in the case of the
catalytic Asp dyad residues. This outcome should have a
strong bearing on the design of protocols for docking based
BACE-1 screening campaigns. Finally, we were able to
ﬁnd an explanation for the poor docking success rate of
some fragments based on the availability of anchoring
points, a rationale that could help to improve hit rates in
BACE-1 screening campaigns.
Keywords BACE-1 inhibition  Docking protocol 
Protonation state  pH dependence  Docking performance 
Fragment screening
Introduction
b-Site amyloid precursor protein cleaving enzyme (BACE-
1) is a prominent target in Alzheimer’s disease (AD) drug
discovery efforts. This enzyme (a member of the Asp
protease family) cleaves the amyloid precursor protein
(APP), generating hydrolytically a peptide of 42 residues in
length called amyloid beta (Ab) peptide, whose aggrega-
tion as oligomers in the inter-synapsis region is the cause of
AD in accordance with the amyloid cascade hypothesis
[1, 2]. Many problems have beset all the stages of the drug
discovery efforts aimed at this enzyme, including failures
in the early HTS campaigns for BACE-1 inhibitors [3, 4].
The use of fragment based search (FBS) methods has
overcome some obstacles present in the search for hit leads
for BACE. FBS seeks small molecules whose molecular
weight is\300 Da, which will serve as kernels for high
afﬁnity binders after substantial modiﬁcation [5–12].
Moreover, the search for low molecular weight drug leads
is of special interest for CNS diseases, since it is a
requirement for blood brain barrier trespassing [8, 10, 12].
One the main hurdles in the in silico FBS campaigns for
BACE-1 is the prediction of the charge state of the binding
site ionisable residues and the bound inhibitor, which in
principle should have a strong inﬂuence on the outcome of
the docking based screenings. Some of the earliest in silico
HTS campaigns used a single Asp dyad protonation state in
their screening campaigns, based on the hypothesis that
most ligands induce a unique Asp dyad protonation state
[13–15]. Our laboratory, based on a combination of surface
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plasmon resonance (SPR) experiments with molecular
mechanics calculations was one of the ﬁrst to provide some
robust evidence that the charge state of the ionisable resi-
dues of BACE-1 strongly depends on the chemical nature
of the inhibitor [16, 17] and hence any ligand screening
protocol would require the prediction of the active site
ionisable residues protonation state (when bound to a given
inhibitor) ahead of the docking calculations. In the last few
years there has been a keen interest on this issue, but its
focus has been on the charged state of the Asp dyad, clearly
disregarding the effect of the other acidic residues buried
inside this enzyme [13–15].
Very recently Kacker et al. [18] used a very sophisti-
cated combination of quantum mechanics calculations and
molecular dynamics simulations to predict the protonation
state of the enzyme’s Asp dyad for subsequent self-dock-
ing, cross-docking and HTS studies, while Barman and
Prabhakar [19] have searched through all possible charge
positions to predict which Asp dyad charge combination
generates the highest enrichment for self docking simula-
tions, but to the best of our knowledge no pH dependence
calculations have been carried out until now.
The X-ray crystallographic structures of BACE-1—
inhibitor complexes are predominantly obtained at a pH
close to neutral. Hence, the retrospective docking calcu-
lations should display an increased success rate for the
inhibitor and ionisable protein residues charge state pre-
dicted to exist at this pH value. On the other hand, the
majority of the BACE-1 inhibition assays are carried out at
the acidic pH at which this enzyme has its optimal activity
(4.5–5.0). The actual charge state of the Asp dyad and
other active site residues at the enzyme’s optimal pH for
activity should certainly differ from the one at which the
BACE-1—inhibitor crystallographic structures were
obtained. To bridge this divide and to answer some of the
other open questions stated above we have used a protocol
that blends the pKa prediction for BACE-1 titratable resi-
dues with the docking simulations. The results of these
calculations have enabled us to perform docking calcula-
tions on a set of 23 ligands at both acidic and neutral pH
values, and hence estimate the effect of the pH on the
docking performance. The results indicate that these
inhibitors are mostly charged at both pH values, since the
charged inhibitors have a substantial increase in the hit
success rate. A large number of the inhibitors studied here
have a pKa value of 7 or higher in solution. Hence this
outcome implies that the enzyme environment will retain,
or may be in a few cases raise, the solution pKa value of the
inhibitors.
The fact that the highest docking performance rate is
obtained at a pH close to neutral supports the charge
assignment prediction for the protein ionisable residues
provided by our pKa calculations. The Asp dyad
protonation state has an evident effect on the docking hit
enrichment. Moreover, including the predicted charge state
of the acidic residues other than those belonging to the Asp
dyad has a smaller but noticeable effect on the docking
enrichment, since the calculated pKa values for all acidic
residues deviate from their estimates for model compounds
and present a clear ligand dependence. Hence, protocols
used in the BACE-1 screening campaigns should include
the pKa value prediction for all these residues.
Finally, we were able to elaborate an explanation for the
low success rate of some ligands, based on the availability
of anchoring points, an idea that could be exploited in
weeding out false negatives or false positives in BACE-1
screening campaigns.
Methods
The group of 23 BACE-1 inhibitor fragments studied are
displayed in Fig. 1. The structures of 20 out of 23 ligands
bound to BACE-1 are known, and their PDB entry names
are included in the ﬁgure as ligand identiﬁers. Perusal of
these compounds indicates that the molecular weight of
most of them is\350 Da (a value slightly above than the
fragment cutoff of 300 Da), making them good candidates
for fragment like inhibitors, which can be enlarged to attain
good afﬁnities. The last three entries in this list (com-
pounds 3H0B0, 3H0BM and 3H0BS) represent small
modiﬁcations of the ligand in PDB entry 3H0B [12]. These
variants were studied because, to the best of our knowl-
edge, they are the only ones that have published binding
afﬁnities at two pH values (4.5 and 6.5) [12], and hence
they are valuable for testing our approach. The afﬁnities of
all compounds for BACE-1 and the ligand efﬁciencies are
shown in Table 1. As seen from this table, the binding
afﬁnities have very diverse values, spanning four orders of
magnitude from millimolar to sub-micromolar range.
The BACE-1 complexes were downloaded from the
protein data bank (PDB) and hydrogens were added using
the Discovery Studio (DS) suite of programs [20]. Most
structures have a resolution below 2.5 A˚, although all the
complexes present one or more residue gaps in their
structure. The most frequent structural breakpoint starts
around residue 157 and extends for 9–12 residues. Other
gaps start at residues 310 and extend for around 6 or 7
residues. We have generated gap-less complexes using a
protocol previously described, which copies the missing
fragments from the complex found in pdb entry 1FKN and
then optimize the structure around the insertion location by
an energy minimization protocol [16].
In order to assign the protonation states of the ionisable
residues in BACE-1, the pKa values of these residues were
calculated by CPIRpK [21], a protocol resident in the
404 J Comput Aided Mol Des (2013) 27:403–417
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Discovery Studio set of programs that evaluates the sol-
vation effects by an approximate Generalized Born algo-
rithm [22]. CPIRpK is able to afford highly accurate pKa
values with little computational cost. In the original work,
this approach was tested on the pKa prediction of all
titratable residues in 24 proteins. The results indicate that
the RMSD between the calculated and observed pKa values
lies for the most part below 0.5 pKa units [21]. In our
calculations we chose the charge assignments at two pH
values (4.5 and 7.4). Since most of the X-ray structure
studies that provided the observed ligand pose were
obtained at pH values close to neutral, we proceeded to
assign charge states of the ionisable residues of BACE-1 at
pH 7.4 according to their pKa values. On the other hand we
thought interesting to perform docking at the acidic pH
close to the one where this enzyme has its optimal activity
(4.5), since most of the inhibitor binding assays are per-
formed around this value. In the case of 3H0B ligand
analogues discussed in reference 12, the authors have
studied the effect of pH on inhibitor binding at pH 4.5 and
6.5. In order to test our protocol we have calculated the
binding afﬁnities for ligand 3H0BS at pH 6.5 as well.
A crucial issue in the prediction of the BACE-1 active
site charge state is the inhibitor protonation state. As seen
from Fig. 1 most inhibitors have one or several amino
groups that could interact with the Asp dyad through
electrostatic interactions. To determine the proclivity of the
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Fig. 1 Chemical structure of the inhibitor fragments used in our study named by the PDB id entries of their complexes with BACE-1. The N
atom shown in red is the one that is most likely protonated.aSciﬁnder result [23]. bLiterature value (see references [11] and [12]). cEstimation by
analogy
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original references or we performed SciFinder searches
based on the ACD labs predictor [23]. In Fig. 1 the nitro-
gen atoms of the amino groups whose protonated form is
predicted to have the highest pKa value, are singled out in
red. The BACE-1 structures with their titratable residues
charge states assigned, both at pH 4.5 and 7.4, served as a
template for docking calculations performed with GOLD
[24]. The GOLD runs were conﬁgured to return 25 poses,
with a number of iterations in the genetic algorithm ranging
from a minimum of 1,000,000 to a maximum of 1,250,000.
To ensure a wider range of poses, we used the ‘Diverse
Solutions’ option in GOLD, which avoids the existence of
clusters with similar solutions. The GoldScore [25, 26],
ChemScore [27–29] and ChemPLP [30] scoring functions
were used to generate the binding conformations. Each of
the resulting poses was then rescored with each of the
aforementioned scoring functions.
Earlier work has acknowledged that the use of molecular
mechanics (MM) force ﬁelds enhanced the number of poses
closer to the observed ones, and speciﬁcally in screening
campaigns reduces the number of false positives and false
negatives [31, 32]. Following this idea we have rescored our
set of poses obtained from GOLD-based docking simula-
tions for every compound by two molecular mechanics
CHARMM rescoring functions based on the protein–ligand
interaction energy. In the ﬁrst MM rescoring function
(referred to as Charmm) the poses for each ligand were
subjected to a proton only energy minimization run, per-
formed in two steps: 2,000 steps Steepest Descent mini-
mization protocol, which was followed by a 50,000 step
ABNR minimization, both with a 0.002 gradient tolerance.
The second re-scoring function (referred to as h.Charmm)
involved a MM protocol in which the atoms were restrained
to move under a harmonic potential with a force constant
value of twice the value of the atomic mass of each atom.
The minimization schedule was the same as in the ﬁrst MM
protocol. The structures were ranked by the MM binding
energy in the rigid body approximation that includes an
implicit generalized Born model with a simple smoothing
function (GBSW) desolvation term [22]. The force ﬁeld
chosen in all our MM calculations was CHARMM, due to
the large availability of parameters for non-peptidic frag-
ments in this force ﬁeld [33], and the suite of programs used
to run these calculations was CHARMM version 34b2 [34].
Docking performance assessment
The metrics for the native docking calculations carried out
here starts with the evaluation of the RMSD between one
or more of the top-ranked pose solutions and the X-ray
binding mode. Docking performance was deﬁned as the
percentage of complexes in a set for which the RMSD
between the three top-ranked solutions and the X-ray
binding mode is below a certain cut-off. In the literature, an
RMSD cutoff of 2.0 A˚ is used widely to assess docking
performance. Nevertheless, in the case of fragments it was
found recently that a lower cut-off (1.5 A˚) is more appro-
priate, since the poses that fall in the range of RMSD
values spanning from 1.5 to 2.0 A˚ may contain meaningful
mistakes and the overall orientation of the ligand may be
substantially different from those found in the observed
structures [35].
In our calculations the success rate for a given simulation
will depend on many parameters, which include the docking
scoring function, the environmental pH, the inhibitor
charged state, and the re-scoring function. For any of the
possible combination of factors we have deﬁned the success
rate for compound i [SR(i)] by the following expression:
SRðiÞ ¼ NCðiÞ=NT ð1Þ
where NC(i) is the number of poses found to have a RMSD
\1.5 A˚ amongst top NT ranking positions.
The total success rate, given by the hit percentage rate
(hit %), for all ligands studied here at a given pH value by
each of the rescoring functions can be calculated by the
following expression:
Table 1 BACE-1 ligand inhibition data and efﬁciency (L. E.) for
in vitro assays
Ligand ID IC50 (lM) KD (lM) L. E. References
2OF0 [2,000 \0.19 [5]
2OHK *2,000 0.33 [5]
2OHL *2,000 0.33 [5]
2OHM 310 0.32 [5]
2OHN *500 0.32 [5]
2OHP 94 0.31 [6]
2OHS 40 0.26 [6]
2VA5 130 0.28 [7]
2VA6 0.38 0.36 [7]
2VA7 0.20 0.35 [7]
2ZJK [1,000 [8]
3BRA 2,000 0.37 [9]
3BUF 800 0.38 [9]
3BUG 660 0.36 [9]
3BUH 220 0.31 [9]
3KMY 32 0.38 [10]
3MSJ 770 0.29 [11]
3MSK 26 0.27 [11]
3MSL 7 0.29 [11]
3MSM 8.9 0.26 [11]
3H0B0 5.7 0.27 [12]
3H0BM 0.47 0.31 [12]
3H0BS 1.1 0.30 [12]







where NL is total number of ligands.
An optional statistic used by other groups is to calculate
the success rate by ﬁnding for every compound one pose
amongst the top NT ranking positions (within a RMSD
value) and then apply Eq. 2. Increasing the number of
poses that may be screened for hits improves substantially
the enrichment rate. Recently, Kacker et al. [18] obtained
at 90 % hit rate when using the top ten ranking docking
exits as possible hits.
Results
Protonation state of the inhibitor amino groups
and BACE-1 acidic residues
Perusal of the X-ray structures of the BACE-1 bound
fragments listed in Fig. 1 indicate that these compounds
anchor themselves to the Asp dyad through their amino
groups by hydrogen bonds or by direct ion pair interac-
tions. As it can be seen from Fig. 1, many compounds
contain more than one amino group. Hence, identifying the
amino group that is most likely to be protonated is essential
for predicting the binding pose.
As seen from Fig. 1, many of the fragments have the
protonated amino groups with a pKa value in solution close
or above 7.0. Taking the solution pKa values as a guide, 15
of the compounds studied will be charged both at pH 4.5
and 7.4, while 8 will be charged only at an acidic pH (e.g.,
3H0BS). Nevertheless, the actual pKa value of the frag-
ment, when bound to BACE-1, may vary due to their
proximity to charged residues like those of the Asp dyad.
For instance, our literature survey of 2-amino pyrimidine
fragment found in inhibitor 2VA5, indicates that the
nitrogen group at position 3 (closest to the hydroxyl group)
is the one with largest pKa value. However, the nitrogen
that makes a hydrogen bond contact with one of the Asp
dyad oxygen carboxylates is at position 1 in the pyrimdine
ring, and hence it should be the amino group that is most
likely protonated (see Fig. 1). As we shall see below this
protonation state is the one that provides a better docking
performance.
Once we had a preliminary identiﬁcation of the proton-
ated amine group in these fragments, we calculated the pKa
values of all titratable residues inBACE-1 either for a neutral
or a charged inhibitor. Table 2 displays the pKa values only
for theAsp dyad residues inBACE-1 (Asp 32/Asp 228)when
the fragments are either neutral or protonated. As seen from
this table, the charged states of the inhibitor have a marked
effect upon the Asp dyad pKa values. For instance, assigning
a charge to the inhibitor lowers substantially the pKa values
of the Asp dyad residues. The resulting pKa values have
allowed us to predict the protonation state of these residues at
both pH values (4.5 and 7.4) needed for our studies. Previous
studies performed in our laboratory on the effect of the pH
on the binding afﬁnity of some peptidomimetic BACE-1
inhibitors predicted that Asp 32 always had a higher pro-
clivity to stay protonated than did Asp 228, over a larger pH
value span [16]. The results shown in this Table indicate that
for a large number of ligands, the aforementioned pKa order
still holds. Nevertheless, in some cases, especially when the
ligand is protonated, the pKa ranking amongst the Asp dyad
residues is inverted. For instance, that is the case of BACE-1
bound to charged inhibitors 2OHL, 3BRA and 3BUG.
Hence, the Asp dyad adopts a wide variety of protonation
states depending on the charge state of the inhibitor and the
environmental pH value.When a charge of?1 is assigned to
the inhibitors at the enzyme’s optimal pH (4.5), most of
complexes are predicted to have a monoprotonated Asp
dyad, although a certain number of alternative states (i.e.,
diprotonated and doubly charged) are possible. If the pH is
raised to a value close to neutral (7.4), we predict that the
inhibitor binding elicits mostly a doubly charged Asp dyad
state.
The presence of the ligands not only affects the pKa
values of the Asp dyad but has a strong inﬂuence on the
protonation state of some of the other acidic residues (see
Online Resource 1). Many of these residues have pKa
values that show strong upwards and downwards shifts
from the estimates for model Asp and Glu residues in
solution. There also seems to be a pKa variability for a
given BACE-1 residue when bound to different inhibitors.
In some cases these pKa differences could reach more than
one pKa unit.
Effect of the protonation state of the inhibitor
and the charge of the protein residues on the docking
performance
To gauge the effect of the inhibitor charge state and the
protein residues protonation states at two pH values onto the
docking performance, we have calculated the RMSD from
the poses resulting from the self docking simulations with
respect to the observed crystallographic poses. The results
are shown in Fig. 2, which displays the effect of the pH
through a histogram distribution at increasing RMSD value,
for both neutral and charged ligands. TheRMSDdistribution
was calculated from Eqs. 1 and 2 with the NT value set to 25
(the number of pose exits). As seen from this ﬁgure, there is a
marked effect of the inhibitor’s protonation state in their self-
docking success. The charged inhibitors increase substan-
tially the percentage of hits at the lowest RMSDbin (\1.5 A˚)
and decrease the number of poses with hits with the highest
RMSD values (i.e.[6.0 A˚).
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To study the effect of the scoring function on hit
enrichment we have proceeded to rescore the original
GOLD hits not only with some of the GOLD resident ﬁt-
ness functions (GoldScore, ChemScore and ChemPLP), but
with Charmm scoring functions as well (see ‘‘Methods’’
section). One of the main differences between both types of
scoring functions resides in the representation of hydrogen
bonds and direct ion pair interactions. While the MM based
scoring functions represent these non-bonded interactions
by a Coulombic interaction screened by an implicit gen-
eralized Born desolvation term, the ﬁtness scoring func-
tions (resident in GOLD) represent them by typical short
range hydrogen bond functions. Hence, when the GOLD
resident scoring functions are used, the ionisable protein
residues that are not at a hydrogen bond distances with the
functional groups of the inhibitor do not participate in
ranking the ligand’s pose when the distances between
donors and acceptors are beyond a certain cutoff.
One of the major problems when comparing the results
of docking predictions of different labs is that each group
uses diverse metrics for pose acceptance. Perusal of the
literature indicate that one of the most glaring differences
in the docking studies (even to the same protein) is the
number of top ranking poses allowed in the search for a
low RMSD candidate. Recent studies related to the effect
of the protonation state of the Asp dyad in docking cal-
culations to BACE-1 [18, 19] have allowed a set of ten top
ranking poses for a RMSD hit, while other authors use less
permissive metrics that includes search hits only at the top
ranking pose in three parallel docking runs [35]. To
determine the effect of the ranking set size on our results,
we have calculated the effect of the inhibitor protonation
state and pH for increasing the pose set size. The results are
displayed in Figs. 3, 4 and 5. While Fig. 3 displays the
percentage of hits at RMSD\1.5 A˚ that are found amongst
the top three poses, Fig. 4 depicts the success rate resulting
of ﬁnding at least one hit at this RMSD cutoff amongst the
top three poses. Finally, Fig. 5 displays the single hit
success amongst the top ten poses. The results of Figs. 3, 4
and 5 include the hit rate for the various re-scoring func-
tions for both protonated and neutral ligand at two pH
values used in our studies. For reference we have per-
formed as well docking simulations with the protein having
all ionogenic residues charged, regardless of their degree of
burial (referred to as no CPI in Figs. 3, 4, 5).
One of the most outstanding results observed in Fig. 3
relates to the marked effect of the inhibitor protonation
state. As seen from this ﬁgure, charged ligands exhibit a
marked success rate enhancement over neutral ligands, for
all re-scoring functions and pH values used. One of the
highest hit percentage increases is observed for those that
resulted from the docking carried out with the Charmm and
Table 2 Predicted Asp dyad pKa values
Ligand ID Residue pKa value
Neutral ligand Charged ligand
2OF0 Asp 32 8.6 6.4
Asp 228 6.4 4.2
2OHK Asp 32 8.8 4.0
Asp 228 5.1 4.3
2OHL Asp 32 8.3 3.5
Asp 228 5.7 6.0
2OHM Asp 32 6.6 5.2
Asp 228 8.1 4.4
2OHN Asp 32 6.4 5.9
Asp 228 4.5 2.9
2OHP Asp 32 9.5 5.7
Asp 228 5.9 5.3
2OHS Asp 32 7.3 7.2
Asp 228 7.8 4.3
2VA5 Asp 32 8.7 5.7
Asp 228 5.3 4.1
2VA6 Asp 32 8.4 5.9
Asp 228 5.8 3.8
2VA7 Asp 32 8.8 6.1
Asp 228 5.8 3.9
2ZJK Asp 32 6.2 6.1
Asp 228 4.8 4.6
3BRA Asp 32 6.5 4.2
Asp 228 4.7 5.2
3BUF Asp 32 7.0 4.5
Asp 228 4.7 5.4
3BUG Asp 32 6.5 4.4
Asp 228 5.1 5.7
3BUH Asp 32 7.0 4.5
Asp 228 5.0 5.7
3H0B0 Asp 32 6.8 5.2
Asp 228 7.0 5.6
3H0BM Asp 32 7.6 5.0
Asp 228 6.9 5.7
3H0BS Asp 32 7.6 4.3
Asp 228 6.7 5.3
3KMY Asp 32 7.2 7.2
Asp 228 8.4 3.7
3MSJ Asp 32 9.0 6.2
Asp 228 6.7 5.0
3MSK Asp 32 8.4 5.3
Asp 228 6.0 4.3
3MSL Asp 32 8.1 5.6
Asp 228 6.0 3.9
3MSM Asp 32 8.6 5.6
Asp 228 6.0 3.9
408 J Comput Aided Mol Des (2013) 27:403–417
123
Author's personal copy
h.Charmm re-scoring of the ChemPLP poses at pH 7.4 and
for the no CPI charge state. As seen from Fig. 3, the per-
centage of hits doubles from*30 to 60 % when the ligand
adquires a charge. For protonated ligands, the highest
success rates are provided by MM based rescoring func-
tions. For instance, rescoring by the harmonic Charmm
(h.Charmm) protocol, leads to a 75 % success rate for
docking calculations performed with Chemscore at pH 7.4.
The correct prediction of the ionization states of the
acidic residues should help to increase the number of poses
at lower RMSD values. Since the original crystallographic
structures were obtained at pH close to neutral, it is
expected that the assignment of the charge state of the
protein residues at this pH value should produce the largest
hit enrichment. Results shown at the lower panel of Fig. 3
support (as expected) the higher success rate at pH 7.4,
especially for docking calculations performed with
ChemScore. In this case the additional enrichment could be
as much as 20 % when the rescoring is performed with
h.Charmm over those calculated at pH 4.5 and ca. 14 %
over the fully charged protein (i.e., no CPI). Hit rates
obtained when the docking of protonated fragments is
performed by either GoldScore or ChemPLP scoring
functions still indicate that the highest enrichment rates are
obtained at pH 7.4 but the differences are smaller, espe-
cially when compared to the no CPI results. These reduced
differences with respect to the no CPI calculations can be
partially explained by the pKa values of the active site
residues. As seen from Table 2, in the case that the ligand
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Fig. 2 Percentage of poses found at a given RMS value (see colour code), resulting from the docking calculation with a given scoring function
(Chemscore, Goldscore and ChemPLP) performed at the indicated pH value.Calculations referred to as No CPI were performed with all protein
ionisable residues charged
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has a charge of -2, the same value that it would have when
there is no charged assignment for this pair of residues.
Still, for some docking protocols there is a noticeable
difference between the docking success rate at pH 7.4 and
the one where no charge assignment has been made. As
mentioned above, that is the case of the Charmm and
h.Charmm rescoring of docking pose generation with
ChemScore (see Fig. 3). As observed from Fig. 3, another
factor that has a strong effect on the success rate is the
quality of the scoring functions. As pointed out before,
many GOLD’s off-the-shelf scoring functions, reduce the
range of the electrostatic interactions that are crucial for
fully translating the effect of the acidic residues charge
state into pose location, since they replace the Coulombic
interactions present in MM approaches by hydrogen bond
type functions. The results shown in Fig. 3 indicate that the
MM fare in many cases better than the original ﬁtness
functions and hence their use in the original pose genera-
tion may improve even more the hit enrichment, indicating
that the Coulombic type of representation for electrostatic
interactions are important for translating the effect of the
charge state of the ionisable residues into ﬁnding a correct
binding pose.
Allowing a search for the pose hit amongst a larger
number of ranking poses improves the hit rate to levels (as
seen from the comparison of Figs. 3 and 5) observed in
other studies with similar pose number cutoff values [18].
Nevertheless, an increase in the number of acceptable
poses seems to reduce the performance differences
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Fig. 3 The success rate (percentage of compounds with RMSD\ 1.5 A˚) amongst the top three ranking poses after rescoring with the functions
shown at the right of every panel.Results for neutral ligands are shown in the upper panel and results for protonated ligands are shown in the
lower panel
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pH values or rescored with different functions (see Fig. 5),
a result that lends support for docking simulations carried
out with more stringent searches.
Rationale for pH dependence
Very rarely the pH dependence on ligand binding to a
protein is studied. For the set of ligands studied here the
only case where this effect has been analyzed is in the case
of 3H0B derivatives. In that work, the binding of amino-
heterocyclic based compounds was studied at both pH 4.5
and 6.5. For the derivative containing a thiazole moiety
(3H0BS), the experimental results indicate that the binding
afﬁnity observed at pH 4.5 (IC50 = 1.1 lM) is reduced
drastically upon a pH increase (0 % inhibition at pH 6.5)
[12]. To test our protocol we have re-scored the 25 top
GOLD exit docking poses with our Charmm and h.Charmm
scoring function values for this ligand at both pH values,
when the inhibitor is charged and neutral. Figure 6 displays
the binding ranking prediction at both pH values for the
top ranked re-scored pose. As seen from this ﬁgure, the
molecular mechanics based scoring results indicate that the
drop in afﬁnity observed experimentally can only be clearly
seen in our calculations when we assume that at the higher
pH value the ligand becomes neutral (see Fig. 6). This
outcome supports the possibility that the pKa in solution
(5.5) is kept when the ligand is bound to BACE-1, and
indicates that our protocol should be useful in predicting
approximate ﬁgures for the pKa value of the inhibitor when
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Fig. 4 Percentage of fragments that have at least one pose hit (within less that 1.5 A˚ from the crystal structure) amongst the three top poses as
ranked by rescoring value.Results for neutral ligands are shown in the upper panel and results for protonated ligands are shown in the lower panel
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Rationale behind self-docking success
The high throughput search for non-peptidic ligands forBACE
has been beset bymany setbacks, due to the special features of
the enzyme’s binding site, which relate in part to its plasticity
and its high exposure to solvent. Table 3 lists the overall
dockingperformance for neutral andprotonated ligands at both
pHvalues.As seen fromthis tablemanycompounds have good
success rates across the board, regardless of the protonation
state of the ligand and/or the environmental pH. (e.g., com-
pounds 2OHN, 2VA7, 2VA6).We have found that the success
rate is clearly linked to a proper assignment of the protonated
amino group in the inhibitor. For instance, the ﬁnal assignment
in ligand 2VA5 (protonated at position 1) improves the overall
hit rate by *30 % over the one that places the charge at
position 3 (results not shown).
A small set of compounds seem to have overall poor
self-docking success rates. That is the case for compounds
2ZJK, 3BRA, 3BUG, 3BUF, whose success rates are
sometimes well below 30 %. Finding an explanation for
the low success rate of these compounds on the basis of
their chemical structure and/or the type of interactions they
generate with the enzyme could be very valuable in
informing future BACE-1 targeted screening campaigns.
Below we shall discuss this issue in some detail.
Discussion and conclusions
Many authors have investigated the effect of the charge
state of the inhibitor and acidic residues on the docking
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Fig. 5 Percentage of fragments that have at least one pose hit (within less that 1.5 A˚ from the crystal structure) amongst the ten top poses as
ranked by rescoring value.Results for neutral ligands are shown in the upper panel and results for protonated ligands are shown in the lower panel
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[36]. Nevertheless, in BACE-1 the effect of acidic residues
other than the ones belonging to the Asp dyad has been
disregarded. One of the ﬁrst studies by Polgar et al. [15]
investigated the effect of the inhibitor protonation state on
the screening of BACE-1 ligands. The screening was per-
formed by docking the putative ligands into a BACE-1
template with a charge assignment of -1 for the Asp dyad,
regardless of the chemical nature of the inhibitor. As
pointed in the introduction we have shown recently that the
charge assignment for the Asp dyad strongly depends on
the chemical structure of the ligand [16]. A corollary for
this result is that BACE-1 screening campaigns should
require the prediction of the charge state of BACE-1 acidic
residues ahead of the docking stage. This idea has been
recently incorporated in part to self-docking, cross-docking
and screening studies to BACE-1 [18, 19], however to the
best of our knowledge, the present study is the ﬁrst time
that the effect of pH on docking performance has been
studied and the protonation state of all titratable residues in
BACE-1 has been predicted ahead of the docking simula-
tions by using a very fast predictive algorithm [21]. Our
results indicate that although there are very few acidic
residues (other than those belonging to the Asp dyad) that
establish direct contacts with the inhibitor, many residues
that are negatively charged in solution undergo upward or
downward shifts in their pKa values with respect to those
used for model compounds of Asp and Glu residues in
solution [16]. This outcome may be the result of the
microenvironment in which these residues ﬁnd themselves.
Those residues that undergo downward shift would ﬁnd
themselves in a polar microenvironment, while those that
experience an upward shift could ﬁnd themselves buried in
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Fig. 6 Rescoring results (referred to as DG binding) for the top ranked 3H0BS pose, docked originally by the resident GOLD scoring functions
(GoldScore, ChemScore and ChemPLP).The revaluation was performed for both neutral and protonated ligands at both pH 4.5 and 6.5, using the
Charmm and h.Charmm scoring functions. DG rescoring values are in kcal/mol
Table 3 Percentage hit rates at RMSD\1.5 A˚ across all protocols
Ligand Neutral Protonated Average
2OF0 17.8 55.6 36.7
2OHK 4.4 80 42.2
2OHL 6.7 93.3 50.0
2OHM 60 91.1 75.6
2OHN 80 97.8 88.9
2OHP 51.1 82.2 66.7
2OHS 64.4 91.1 77.8
2VA5 28.9 64.4 47.0
2VA6 84.4 82.2 83.3
2VA7 95.6 95.6 95.6
2ZJK 17.8 24.4 21.1
3BRA 17.8 37.8 27.8
3BUF 24.4 13.3 18.9
3BUG 15.6 11.1 13.3
3BUH 66.7 51.1 58.9
3KMY 66.7 91.1 78.9
3MSJ 22.2 73.3 47.8
3MSK 28.9 51.1 40.0
3MSL 55.6 91.1 73.3
3MSM 77.8 97.8 87.8
3HOB0 73.3 73.3 73.3
3HOBM 66.7 68.9 67.8
3HOBS 64.4 77.8 71.1
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residue (other than those of the Asp dyad) may differ
sometimes by more than one pKa unit when one ligand is
replaced by other in a BACE-1-inhibitor complex (see
Online Resource 1). Hence, given the long-range nature of
the electrostatic interactions, the charge state of these
acidic residues may inﬂuence the actual binding pose of
different ligands in very diverse ways. In order to take into
account these long-range interactions, new scoring func-
tions that include electrostatic interactions like the MM
based one discussed above should be used, even for pose
generation. As mentioned in the results section, our cal-
culations show in some cases an increment in the success
rate when the whole enzyme is charge typed according to
the pKa predictions, especially when the MM re-scoring
functions are used (see Fig. 3), indicating that the long
range electrostatic interactions may play a role in ﬁnding
the correct binding pose as well.
Underlying rationale for docking performance
Manyauthors have elaborated proposals that could explain the
failures at the pose search and re-scoring stages in docking
simulations. Docking performance has been related to the
ligand afﬁnity for the enzyme, since high-afﬁnity inhibitors
may be ‘easier’ to dock than weaker binding compounds.
Other authors suggested an alternative hypothesis that related
improved docking performance with enhanced observed
ligand binding efﬁciency (LE) [35]. These authors set a cutoff
value for LE of 0.4, below which the probability for poor
docking performance increases. Examination of Tables 1 and
3 clearly indicates that although the compounds with the
lowest docking performance are amongst the ones that have
lowest binding afﬁnities, there is not a direct correlation
between docking performance and binding strength. The
experimental values for LE lie in the range between 0.19 and
0.38 (see Table 1), below the cutoff value of 0.4 proposed
earlier for good docking performance [35]. Actually, some of
the compounds with a LE close to 0.4 (3BRA, 3BUF and
3BUG) have resulted amongst the worst ‘dockers’ in our
calculations.
We have found retrospectively a possible structural
rationale for the poor performance of the worst ‘dockers’
based on the crystallographic ligand poses. In some
instances (e.g., 3BRA, 3BUG and 3BUF) the primary amine
group makes hydrogen bonds with only one of the residues
belonging to the Asp dyad (Asp 32). The other hydrogen
bond is found between the hydroxyl group of the phenol
moiety and Phe 108. Figure 7 displays the overlap of one of
highest scoring function poses obtained with the h.Charmm
rescoring function and the X-ray crystal structure for the
3BUG ligand. As seen from this ﬁgure, the lack of an
additional hydrogen bond interaction with Asp 228 seems to
allow for the rotation of the aliphatic chain and the phenol
moiety. Although the RMSD value for the pose displayed
here is *3.3 A˚, the hydrogen bond anchoring pattern is
well reproduced. The lack of hydrogen bond anchoring
motifs is most evident for ligand 2ZJK, which does not
generate any sort of interactions with the Asp dyad and
makes only one hydrogen bond with Tyr 71, leaving the
ligand very unconstrained. This fragment was not generated
Fig. 7 Overlap of the 3BUG highest-ranking pose (light blue) with the crystallographic (green) structure.Notice that the HB’s with anchoring
residues are kept for both poses
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by HTS in silico or in vitro, but was one of the kernels of a
di-sulﬁde bond based tethering technology, used to obtain
larger inhibitors. This method entails the introduction of
individual Cys mutations in a binding site of interest, fol-
lowed by screening against libraries of thiol-linker con-
taining fragments that could produce disulﬁde bonds with
the Cys residues introduced in the target protein [8]. The
resulting crystallographic pose contains an enzyme-ligand
di-sulﬁde bond, which should be important in generating the
observed ligand conformation. Performing (as we did)
docking simulations in the absence of this bond seems to
reduce substantially the docking performance of this ligand.
It has been found that including into the docking sim-
ulations the crystallographic active site water molecules
that make hydrogen bond interactions with the ligand could
help improve the docking pose close to the observed
crystallographic pose [37]. Perusal of the crystal structure
the BACE-1—inhibitor complexes, indicate that some of
them (e.g., 3BRA, 3BUF, 3BUG and 3BUH) have indeed
one or sometimes two water molecules in the active site.
Since these crystallographic waters make hydrogen bond
interactions with the only amine group of the inhibitor
(which already has been anchored by one of the Asp dyad
members), we do not expect that including them into the
docking simulations will help restrict the conformational
space of the ligand enough to come close to the crystal-
lographic pose. We tested this hypothesis by performing
again docking calculations for one case (3BRA), in which
the two water molecules present in the active site of the
crystallographic structure were included. The results indi-
cate that in this new round of calculations the number of
RMSD hits remains almost unchanged (results not shown),
an outcome that validated our informed supposition.
Our results predict that the best way of assuring a pose
close to the observed one relies on having a number of
hydrogen bond or other electrostatic interactions with the
Asp dyad and polar functional groups of other residues.
Nevertheless, other alternatives that favour a ‘correct’ pose
are possible. For instance, 3BUH has a better performance
than ligands 3BRA, 3BUG and 3BUF. It would seem that
the cyclohexane moiety absent in the above mentioned
compounds, but present in 3BUH (see Fig. 1) reduces the
conformational ﬂexibility by generating steric clashes that
orient the molecule into a pose close to the observed one.
Our results indicate that the best docking enrichment is
obtained at pH 7.4, in line with the fact that the original
structures were obtained at a neutral pH. Nevertheless, all
the binding afﬁnities listed in Table 1 (obtained by FRET or
SPR methods) were obtained at the optimal pH value which
lies in the acidic range. We have investigated whether our
docking protocol is able to predict at least in part the
binding ranking of our ligands. The results indicate that our
algorithm is only able to place the inhibitors with the
highest binding afﬁnities at the top of the ranking list and
the worst binders at the bottom of the ranking. Nevertheless
the overall ranking of the ligands is not in line with the
experimental order (results not shown). There may be var-
ious reasons for this outcome, some of which may be related
to deﬁciencies in the pose generation. In this regard, we
believe that these results could be improved by the use of a
MM based function in GOLD as a pose generator, a line of
work that will be undertaken in our lab in the near future.
In summary, we have presented in this work a protocol
that for the ﬁrst time (in the case of BACE-1), takes into
account directly the effect of pH on the native docking
performance of a set of fragment-like inhibitors.
The pKa values of the BACE-1 acidic residues deviate
substantially from the estimates for model compounds in
solution and display a ligand dependent variability, espe-
cially in the case of the Asp dyad residues, a result that
should be taken into account in docking based ligand
screening campaigns.
The biggest inﬂuence on the hit rate success is produced
by the assignment of a charge state to the inhibitor and the
choice of pH value. The enrichment provided by assigning
a positive charge to the inhibitor probably is the result of a
polar micro-environment created in part by the Asp dyad,
which enables the ligand ionisable fragment to keep or
increase its pKa value predicted in solution. In one case
(ligand 3H0BS) we have shown that our calculations have
enabled us to predict an approximate pKa ﬁgure for the
ionisable fragment of the inhibitor, and in some other cases
our protocol has allowed us to identify the most likely
protonated N atom in charged inhibitors.
As seen from our results, the highest success rate is
reproduced at a pH close to neutral. This outcome stands to
reason and supports our pKa assignment since the observed
poses (obtained by X-ray crystallography) were obtained at
this pH value. Nevertheless, most of the inhibitor binding
assays for BACE-1 are performed at acidic pH values, where
the enzyme has its optimal activity. Preliminary results
indicate that at the enzyme’s optimal pH our protocol is able
to cluster the experimentally observed best binders at the top
of the ranking, and the worst binders at the bottom. It would
be desirable to perform the screening campaigns at this range
of pH, since the candidate ranking position probably changes
with this medium acidity. Presently, we are looking for
modiﬁcations of the protocol that will allow for screening
campaigns at the enzyme’s optimal pH value. Our calcula-
tions on BACE-1 bound to fragments (presented here)
indicate that at pH 4.5, the Asp dyad monoprotonated charge
state (protonated at Asp 32) is the most prevalent. Never-
theless, as seen from Table 2 and our previous calculations
on peptidomimetic inhibitors bound to BACE-1 [16], other
options (e.g., diprotonated Asp dyad) are possible. Hence, an
option aimed at enriching the docking results could be based
J Comput Aided Mol Des (2013) 27:403–417 415
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on a ensemble docking with a set of protein structures that
contain our most commonly predicted Asp dyad protonation
states and include the protonation state for the other acidic
residues at pH 4.5. Ideally, the pose screening should be
carried outwithMMprotocols that allow for the ﬂexibility of
the active site residues, since we believe it will enhance the
success rate.
Finally, we have found a possible rationale for the poor
docking performance of some ligands across the board
irrespective of the docking protocol used. The results
indicate that the worst ‘behaved’ compounds have few
anchoring interactions with the active site residues than
those that have high success rates, missing HB contacts
with one or both residues of the Asp dyad. This result could
be used in the screening campaigns to weed out fragments
that do not attain a certain number of anchoring interac-
tions and hence could produce false negatives poses.
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Alzheimer disease is a neurodegenerative pathology with unmet clinical needs. A highly 
desirable approach to this syndrome would be to find a single lead that could bind to 
some or all biomolecules that participate in the amyloid cascade, the most accepted 
route for Alzheimer disease genesis. In order to circumvent the challenge posed by the 
sizable differences in the binding sites of the molecular targets we propose a computer 
assisted protocol based on a pharmacophore and a set of required interactions with the 
targets, screened by a combination of docking and molecular dynamics protocols. The 
original scaffold allowed us to identify a set of carbazole containing compounds that 
initially showed affinity only for the cholinergic targets in experimental assays. Two 
cycles of design based on our protocol led to a new set of analogues that were 
synthesized and assayed. The assay results revealed that the designed inhibitors improve 
their affinity for BACE-1 by more than three orders of magnitude, as well as displaying 
amyloid aggregation inhibition and affinity for AChE and BuChE, a result that led us to 
a group of multi-target candidates that interrupt the amyloid cascade while having a 
positive effect at the cholinergic level. The results have a bearing on issues like the 
substitution pattern and the charge state for the best leads and have allowed us to 







Alzheimer disease (AD), a cerebral neurodegenerative pathology that is the main cause 
of dementia in older people, is characterized by the progressive formation of insoluble 
amyloid plaques and fibrillary tangles. In spite of the enormous efforts carried out by 
academic institutions and pharmaceutical industry, AD is an illness with unmet needs 
since the only drugs available in clinic (i.e., Acetylcholinesterase (AChE) inhibitors and 
a NMDA receptor antagonist) have a palliative effect and do not modify the course of 
the disease.1 
The most accepted hypothesis for the origin of AD is the one related to the amyloid 
cascade, which singles out the aggregates and fibrils of the amyloid peptide (Aβ, a 
peptide of 40 or 42 residues) as the cause of AD, since their presence interrupts the 
synaptic connections and precludes the right inter-neuron orientation.2,3 The Abeta 
peptides are produced by the hydrolysis of the amyloid precursor protein (APP) by two 
aspartic proteases (γ-secretase and BACE-1). The last decade has witnessed an all out 
effort to discover inhibitors of these two enzymes that could become drug leads for the 
treatment of AD, but all the candidates have failed either at pre-clinical or clinical 
stages.3 The inhibition of Aβ peptide aggregation has become an important target for 
drug lead discovery in itself, although no Abeta aggregation inhibitor has surpassed the 
clinical assays either. On the other hand Inestrosa et al.4 have shown that the peripheral 
anionic site (PAS) in AChE could be a therapeutic target, since it is a nucleation site for 
the amyloid Abeta peptide aggregation and hence its inhibition could hinder this 
process. Finally, the leads that bind AChE, could also bind butirylcholinesterase 
(BuChE), and hence have a bearing on the cholinergic pathway by precluding the 
hydrolysis of acetylcholine and probably enhancing (albeit temporarily) cognition in 
AD patients.  
The multiplicity of amyloid cascade AD targets (described above) opens the door to a 
new approach towards single molecule polypharmacology, which entails the search of a 
molecule that could bind to all or some targets of the amyloid cascade. This novel 
paradigm which deviates radically from the one target one molecule strategy has been 
only scantily researched for the amyloid cascade.5-7 The major hurdle in the search for 
multitarget leads lay on the substantial structural and sequence specificity differences 
amongst the binding sites of the amyloid cascade targets, which hinders drastically this 
therapeutic strategy. Herein we postulate the existence of a possible pharmacophore for 
multitarget approach to the amyloid cascade of AD, which could be used as the starting 
 4 
point for leads that could bind to the selected amyloid targets. We have identified in the 
literature some candidates bearing the traits of our proposed scaffold.8 Nevertheless, the 
results of our experimental binding assays indicate that although these compounds bind 
AChE, they have a modest fibril inhibition and display much lower affinities for BACE-
1. Our main endeavour in this work was to generate higher generation ligands with 
better affinities for the all the amyloid cascade targets. For this sake we developed a 
protocol that relies on molecular docking based screening for the enzyme targets and 
molecular dynamics simulations for peptide aggregation in order to search for more 
potent analogues of our starting candidates. The main novelty of the docking protocol is 
that the hit poses should comply with the set of inhibitor-protein interactions assigned to 
our pharmacophore. Review of the predicted docking poses in AChE and BACE-1 
revealed possible ways of enhancing binding affinity. Two cycles of design based on 
our protocol lead to a new set of analogues that were synthesized and assayed. The 
assay results revealed that the designed inhibitors improve their affinity for BACE-1 
and amyloid aggregates by more than three orders of magnitude, as well as showing 
affinity for AChE and BuChE, a result that led us to a group of truly multi-target 
candidates that interrupt the amyloid cascade while having a positive effect at the 
cholinergic level. 
Furthermore, our results have allowed us to explore some basic questions that relate to 
molecular recognition issues in the different amyloid cascade targets, including the 
charge state of the BACE-1 main anchoring group and the way in which the best leads 
may interrupt the amyloid peptide aggregation. 
 
1.1 Multitarget amyloid cascade pharmacophore.  
Our pharmacophore was built by identifying the specific moieties that are recognized by 
the binding pockets of the different amyloid cascade targets. For instance, an essential 
feature in BACE-1 inhibitors is a functional group (such as hydroxyethylene, 
hydroxylamine, guanidium, etc.) which is able to interact through hydrogen bonds and 
ion pairs with the Asp dyad, the catalytic machinery of this enzyme.9 Our choice for this 
kind of functionality has been based on recent studies in our lab that have identified the 
hydroxylamine as an Asp dyad anchor which favours good performance at cellular 
level.10,11 On the other hand, an overview of the AChE inhibitors indicate that many of 
them contain one or two aromatic moieties which interact through π-stacking 
interactions with clusters of aromatic residues present both in the catalytic anionic site 
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(CAS) and in the peripheral binding site (PAS).12 Both AChE binding sites are 
separated by a long gorge. Hence, our ideal AChE inhibitor should include an optimum 
length spacer that will connect the aromatic moiety residing in the CAS with the one at 
the PAS. If we accomplish this aim, the resulting lead should have both a palliative 
effect on AD and hinder amyloid aggregation. Finally, some of the amyloid aggregation 
inhibitors share with the AChE ligands a common feature, that is, the presence of 
aromatic groups that target some of the residue clusters rich in aromatic residues present 
in the amyloid peptide (such as the LVFFA segment). Hence, a multi-target 
pharmacophore and its possible interactions expected in the amyloid cascade binding 



























Figure 1. Schematic view of our multi-target pharmacophore (red) bound to the Asp dyad of 
BACE-1 (blue) and to the CAS and PAS of TcAChE (black). 
 
The search for candidates based on the pharmacophore shown in Figure 1 lead us to find 
some compounds (1) (see Figure 2) with neurogenerative and neuroprotective properties 
in mice.8 Nevertheless, the molecular therapeutic targets for these compounds have not 
been identified. The stated aim of the study that led to these compounds in the first 
place was to find analogues of dimebon, a carbazole derivative that in itself showed 
good promise in AD assays in animals but failed in phase three clinical trials.13 
Moreover, other carbazole derivatives have shown to be good Abeta aggregation 
inhibitors.14 As seen from structure 1 in Figure 2, these compounds present all of the 
structural characteristics that make them good leads for all amyloid cascade targets. On 
one hand the hydroxyethylamine moiety provides an anchor for BACE-1 binding, while 
the aromatic moieties on both ends (carbazole and substituted phenyl groups) could be a 
source of affinity of these compounds for AChE and Aβ peptide oligomers. Based on 
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this information we decided to investigate if the original group of compounds (1) owed 
its beneficial properties at the CNS level to their binding to some of the amyloid 
cascade targets, and weather we could produce analogues with better affinity for a wider 











RDimebon 1  
Figure 2. Structure of dimebon and its analogues (1) studied in this work.  
 
2. EXPERIMENTAL METHODS 
2.1 Docking potocols. We carried out the docking simulations with the suite of modules 
resident in the program GOLD.15 For each docking run we employed a minimum of 100,000 
and a maximum of 1,250,000 genetic generated poses. We scored the poses with three of the 
scoring functions resident in GOLD (i.e., GoldScore,16,17 ChemScore18-20 and ChemPLP21 ). 
 
2.1.1 Docking calculations to BACE-1. One of the most outstanding structural features 
of the active site of BACE-1 is a residue segment that forms a flap (residues 69 to 75) 
whose conformational variability allows for a great variety of binding poses for those 
inhibitors differing in size and shape.9 This loop, which forms part of the S1 pocket, 
closes in onto the active site during substrate catalysis. There are inhibitors that bind 
explicitly to the flap avoiding its closure and hence hampering catalysis. Perusal of the 
many BACE-1-inhibitor complex structures indicates that the flap presents a wide 
variety of openings depending on the inhibitor. In order to take into account the flap 
variability in our docking calculations, we have carried out our docking simulations 
with three protein templates that differ in the opening of this loop. The first of these 
protein structures comes from the complex between BACE-1 and the peptide-mimetic 
inhibitor OM99-2 (PDB entry 1FKN) and has a closed flap.22 The second structure has 
a non-peptidic inhibitor bound to the enzyme with a middle range opening of the flap 
(PDB entry 3KMY),23 while the last template was obtained from the unbound structure 
of BACE-1, and has a fully opened flap (PDB entry 1W50).24 Figure 3 exhibits the 
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Figure 3. Superimposition of 1FKN, 3KMY and 1W50 protein ribbon structures. The flap loops 
are colored in green, blue and red respectively.  
 
As a first step we cleaned up the target structures mentioned above, eliminating the 
crystallographic water molecules, discarding alternative conformations and adding 
hydrogen atoms, by using the Discovery Studio (DS) modules.25 We defined the 
targeted binding site for GOLD docking to these proteins as all the atom residues that 
were within 6Å of the inhibitor in the 3KMY complex. Our previous studies, which 
combined SPR binding experiments with molecular mechanics based calculations, 
predicted that the Asp dyad in BACE-1 has a monoprotonated state (with the charge 
localized on Asp 228) when bound to compounds with a hydroxyethylamine moiety.10 
Thus, we assigned this Asp dyad state to BACE-1 in our BACE-1 docking screening 
calculations.  
For each of the structures differing in the flap opening, we then performed docking 
calculations with one of the three scoring functions (ChemScore, GoldSCore and 
ChemPLP). In each of the runs we searched for the presence of a single hit pose 
amongst the top ten docking resulting poses. We define a hit as the pose that will fulfill 
the hydrogen bond pattern between the hydroxyethylamine fragment and the Asp dyad 
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shown for our pharmacophore in Figure 1. Global success rates for every compound 
candidate were calculated by adding up the number of single hits of the docking 
simulations carried out with the three scoring functions for our three protein templates 
differing in the flap opening described above.  
 
2.1.2 Docking simulations to AChE. For the docking predictions to this target we used the 
X-ray structure of Torpedo californica (TcAChE) complexed with a bis-tacrine 
analogue (PDB entry 1ODC).26 A close up of the binding pose is shown in Figure 4.  
 
	  
Figure 4. Close up to the binding of the bis-tacrine analogue indicated to both binding sites 
(CAS and PAS) in TcAChE (from PDB entry 1ODC). The inhibitor is shown in blue and the 
aromatic residues in green. Notice the π-π interactions between the aromatic moieties and the 
side chains of residues Trp 84 and Phe 330 at the CAS and with residues Tyr 70 and Trp 279 at 
the PAS.  
 
In the same way as for BACE-1, we cleaned up the target structure (PDB id 1ODC), 
eliminating the crystallographic water molecules, discarding alternative conformations 
and adding hydrogen atoms, by using the Discovery Studio (DS) modules.25 We defined 
the binding site as all the AChE atom residues that lay at 6 Å from the ligand of this 
complex (i.e., the bis-tacrine analogue). Again, the docking conformations generated by 
the genetic algorithm were evaluated by the same scoring functions used for BACE-1. 
In each run the top ten poses were screened for compliance with the face-to-face π-
stacking interactions that will optimize the inhibitor affinity both at the CAS and PAS in 
AChE, as shown in Figure 1 and exemplified by the bis-tacrine analogue in Figure 4. In 
the same way as in BACE-1 the hit success rate was determined by searching for a hit 
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amongst the top ten poses for the docking simulations evaluated with our three scoring 
functions. Global success rates were calculated by adding up the number of single hits. 
2.2 Aβ  aggregation inhibition protocol. As we explained in the introduction, one of 
the therapeutic targets is the inhibition of the Aβ peptide oligomerization that leads to 
the neuronal toxic species. These peptides do not have a unique binding site for the 
ligands as in the case of other AD amyloid cascade enzymatic targets. Rather, there are 
multiple binding states that share common sequence motifs depending on the nature of 
the ligand. For instance, some aromatic moiety inhibitors tend to bind to aromatic 
residue clusters present in the LVFFA segment.27 Hence, many in silico aggregation 
inhibition studies merge docking protocols with molecular dynamics (MD) 
simulations.28 We have explored a different approach recently developed by the group 
of Caflisch.27a It consists in analyzing lengthy MD simulations of a segment of the Aβ 
peptide (Aβ12-28) in the presence of a given candidate. This peptide fragment has been 
chosen for several reasons. Firstly, the first 11 residues were omitted since they lack any 
definite secondary structure in some NMR amyloid aggregate structures.29 Moreover, 
the selected segment contains one of the regions (LVFFA) around which a beta hairpin, 
the template for Abeta aggregation forms, and is also one of the ligand’s binding spots 
for a number of ligands.27 Finally, MD simulations on shorter Abeta peptides would 
require less computer resources for converged calculations.  
Our extensive MD calculations were carried out with the PARAM-19 force field,30 
which employs an extended atom approximation for all carbon atoms. Protonation states 
of all titratable residues were considered at neutral pH. In particular the side chains of 
the His residues were assigned a neutral charge, whereas the basic residues (Arg/Lys) 
and the acidic residues (Asp/Glu) were assigned either a positive or a negative charge 
respectively. We used an implicit solvation protocol called FACTS (Fast Analytical 
Continuum Treatment of Solvent), an efficient generalized Born (GB) implicit solvation 
model developed in Caflisch’s group,31 which includes a solvent accessible surface of 
the solute for the non-polar contribution.  
MD Simulations were carried out with periodic boundary conditions at a fixed peptide 
concentration of 2.5 mM (87 Å cubic simulation box) using the Langevin integrator at 
low friction (coefficient of 0.15 ps-1) and at a temperature of 300 K. Using a time step of 
2 fs, for each system, we performed five independent runs which added up to a 5 µs 
trajectory. Each of the starting structures contained the peptide in an extended 
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conformation together with the inhibitor candidate in a different position. We also used 
as a reference the simulations of a peptide with the known aggregation inhibitor 9-10 
antraquinone and the ligand-free peptide. The initial structures were subject to two 
energy minimization runs, which began by a 1ps steepest descent run followed by 100 
ps conjugate gradient calculation. In each case the gradient tolerance was of 0.001 
kcal/(mol·Å2).  Then, heating stage and a thermal MD equilibration stages spanning 0.5 
ns each were carried out, followed by the production stage described above. 
 
2.3 Synthesis of inhibitors and experimental inhibition assays. Experimental 
procedures for the synthesis and chemical characterization of compounds 1a-1f, 3e, 3f, 
4a-4c, 5a-5c and 7a-7c, as well as the protocols for their experimental evaluation as 




3.1. First lead optimization: Carbazole derivatives. 
3.1.1. BACE-1 ligand screening 
The first set of compounds studied were the carbazole derivatives bearing an aniline 
moiety with a substituent either in ortho or meta positions, that showed neuro-protective 
and neuro-generative activity in mice.8 The docking results data for some of these 
compounds are listed in Table S1 in the supporting info, while the global docking 
success rate (see methods section for details) is shown in Figure 5. As seen from Figure 
5 and Table S1, the compounds that have a methoxy substituent at the aniline either in 
the ortho (compound 1d) and at the meta position (compound 1g) are the ones that show 
the widest consensus as a possible BACE-1 inhibitor. The better fit displayed by these 
compounds could be the result of reduced steric clashes, given that they are the smallest 
candidates in this list. For the same reason, our predictions indicate that the smaller 
ligands bind to BACE-1 with any of the three flap openings (see Table S1). 
Nevertheless, given their size, it is doubtful that these ligands could span both the CAS 
and PAS in AChE, and hence become multitarget leads  
Perusal of the results in Figure 5 and Table S1 shows that the available hits are obtained 
almost exclusively when the docking calculations are carried out with a charged ligand. 
Actually, only two of the seven compounds (1e, 1g) display some hits when neutral. 
This result is in line with our previous studies which indicate that there is an enrichment 
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in the number of predicted poses closed to those observed experimentally when the 
ligand is charged.32 
 
 







1a: X = H, R1 = H, R2 = OMe
1b: X = H, R1 = H, R2 = OBn
1c: X = H, R1 = H, R2 = OCH2CH2Ph
1d: X = Br, R1 = H, R2 = OMe
1e: X = Br, R1 = H, R2 = OBn
1f:  X = Br, R1 = H, R2 = OCH2CH2Ph





Figure 5. Global docking success rates for BACE-1 as provided by the number of single hits 
across flap oppenings and docking scoring functions. Neut and Prot indicate weather the ligand 
is neutral or protonated.  
 
 
The pKa of the protonated amino group belonging to the aniline moiety, for these 
compounds in solution, is ca. 4.7, a value that is close or below the pH at which the 
binding assays are performed. Replacing the aniline by a benzylamine moiety would 
likely increase the pKa value of the amino group and hence the likelihood of being 
charged, an outcome that probably will boost the number of predicted BACE-1 binders. 
Figure 6 displays the global hit success for benzylamine containing compounds 
substituted in ortho (upper panel) and meta (lower panel). The detailed data for these 
docking calculations are shown in Tables S2 and S3. Comparison of the number of 
single hits amongst the top ten exit poses between analogous aniline (Table S1 and 
Figure 5) and benzylamine compounds (Tables S2/S3 and Figure 6), indicates a 
substantial hit rate increase for benzylamines above those calculated for the aniline 
containing compounds, an outcome that validates our design premises. 
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2a: X = Y = H, R = OMe
2b: X = Y = H, R = OBn
2c: X = Y = H, R = OCH2CH2Ph
2d: X = Y = Br, R = OMe
2e: X = Y = Br, R = OBn
2f:  X = Y = Br, R = OCH2CH2Ph
2g: X = Br, Y = Me, R = OBn












3a: X = Y = H, R = OMe
3b: X = Y = H, R = OBn
3c: X = Y = H, R = OCH2CH2Ph
3d: X = Y = Br, R = OMe
3e: X = Y = Br, R = OBn
3f:  X = Y = Br, R = OCH2CH2Ph
3g: X = Br, Y = Me, R = OBn





Figure 6. Global hit success that result from the docking to BACE-1 of protonated ortho (upper 
panel) and both neutral and protonated meta benzylamines (lower panel).  
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Perusal of Figure 6 indicates that the benzylamine substitution pattern has also a bearing 
in the number of possible hits. The results would seem to indicate that the ortho is 
favoured over the meta substitution at the benzylamine moiety. For instance amongst 
the top ten poses, the number single hits with ortho substitution is twice the number of 
hits with the meta substitution (see Tables S2 and S3). Nevertheless, there seems to be 
exceptions (e.g., see compounds 3e when the hydroxyl group is in the R configuration), 
which had a number of hits comparable to the analogous ortho derivative (i.e., 
compound 2e when the hydroxyl group is in the S configuration).   
 
For the compounds bearing a benzylamine fragment we also analyzed the effectiveness 
of each steroisomer. The results shown in Figure 6 do not show a clear predilection for a 
given enantiomer, as changes at the ends of the candidate compounds seem to change 
the preference. For instance in the case of the compounds containing meta-
benzylamines, those compounds that bear two Br atoms on the carbazole favour a R 
configuration (compounds 3e and 3f), while those that replace both Br atoms by H 
atoms favour a S configuration. Nevertheless, these configuration patterns do not seem 
to hold for the ortho-benzylamine bearing compounds.  
 
3.1.2. AChE ligand screening 
Figure 7 displays the global hit rate for protonated anilines and benzylamines 
(substituted in the ortho position), while Figure 8 depicts the number of hits for the 
compounds bearing benzylamines substituted in meta. As seen from these figures, there 
is a wide consensus amongst the scoring function results, indicating that these 
compounds are good candidates for AChE inhibitors, in most cases independently of the 
stereochemistry of the hydroxyl group and the charge of the hydroxylethylamino group. 
Comparison with the BACE-1 docking results described above indicates that the 
number of predicted hits for AChE is substantially larger than those for BACE-1, 
implying that there are fewer hurdles for finding a candidate that will fulfil the scaffold 










2a: X = H, n = 1, R = OMe
2b: X = H, n = 1, R = OBn
2c: X = H, n = 1, R = OCH2CH2Ph
2d: X = Br, n = 1, R = OMe
2e: X = Br, n = 1, R = OBn
2f:  X = Br, n = 1, R = OCH2CH2PhR
1a: X = H, n = 0, R = OMe
1b: X = H, n = 0, R = OBn
1c: X = H, n = 0, R = OCH2CH2Ph
1d: X = Br, n = 0, R = OMe
1e: X = Br, n = 0, R = OBn




Figure 7. Global hit rate resulting from the AChE docking screening of the protonated ortho 
substituted anilines (left) and benzylamines (right). The hit search was carried amongst the top 
ten poses resulting from three docking calculations each carried out with a different scoring 
function (ChemScore, GoldScore and ChemPLP).	  
 






3b: X = Y = H, R = OBn
3c: X = Y = H, R = OCH2CH2Ph
3e: X = Y = Br, R = OBn
3f:  X = Y = Br, R = OCH2CH2Ph
3g: X = Br, Y = Me, R = OBn
3h: X = Br, Y = Me, R = OCH2CH2Ph
R
 
         
Figure 8.	  Global hit rate resulting from the AChE docking screening of the compounds with a 
meta substituted benzylamine. For each molecule we studied the effect of the stereochemistry of 
the hydroxyl group (R, S) and the protonation state of the amine group.The hit search was 
carried amongst the top ten poses resulting from three docking calculations each carried out 
with a different scoring function (ChemScore, GoldScore and ChemPLP). 
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The scoring function values for aniline and benzylamine containing compounds are listed in 
Tables S4 and S5. Perusal of Table S4 and Figure 7 indicates that the shorter compounds, like 
1a and 1d (those bearing a methoxy substituent) have no hit according to our pharmacophore 
definition, as shown in Figure 1. Scrutiny of the binding poses for a methoxy as compared to a 
benzyloxy substituted compound (Figure 9) indicates that the former ligands derive their worse 
performance from their inability to bind both to the CAS and PAS in AChE. As seen from 
Figure 9 the carbazole moiety interacts in the CAS with residues Tyr 84 and Phe 330 through π 
stacking interactions. The shorter ligand is not able to reach the PAS in AChE and hence to 
generate these types of interactions with Tyr 70 and Trp 279.  
 
 
Figure 9. Docking of compounds 1d (upper panel) and 3b (lower panel) into AChE. 
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3.1.3. Inhibitor Aβ12-28 peptide interaction results. 
Table 1 lists the residence times for 9,10-antraquinone (a reference compound) and for 
some carbazole containing compounds, up to 7.5 Å from the peptide. We have also 
calculated the residence time of these ligands around every residue of the peptide with a 
cut-off distance of 4.5 Å (see Figure 10) and the residue-residue interaction in the 
absence and presence of the ligands (see Figure 11). As seen from Table 1, the 
candidate compounds have a much larger residence time than the reference ligand. 
Moreover, the selected compounds display a bigger preference (than the reference 
compound) for the binding hot spots centred on both the His cluster at the N terminal 
end and on the aromatic cluster found at the LVFFA segment.   
 
Table 1. Fraction residence time for contacts peptide-ligand up to 7.5 Å.  
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Figure 11. Residue-residue contact map in the absence (top panel) and in the presence of 
inhibitors. The colour scale shown above indicates the fraction residence times.  
 
An important issue is the effect of the ligand on the secondary structure of the peptide. 
The Aβ peptide, which originates from APP hydrolysis, originally adopts a helix 
structure. As amyloid aggregates are formed, there is a change of conformation that 
leads to a beta hairpin conformation, specifically around the DVGS motif. For instance 
the structure of a pentamer29 shows clearly that the peptides organize themselves 
forming hairpins that aggregate as sheets. As seen from Figure 11, the ligands would 
seem to partially preclude the formation of this secondary structure motif (turn) in a 
monomer, a process that may lead to reduced aggregation. Hence, it may be surmised 
that the residue-residue contact map in the presence of a ligand may give us a measure 
of its aggregation inhibitory effect of our candidates.  
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3.1.4. Synthesis and experimental assays for carbazole containing compounds.  
The synthesis of several carbazol-containing compounds was carried out following 
Scheme 1, which includes the list of synthesized molecules. The choice of compounds 
was guided in many cases by the availability of the reactants. Although in the case of 
benzylamines the compounds with an ortho substituent seem to show a wider consensus 
as BACE-1 inhibitors across all scoring functions (see Figure 6), they require a more 
elaborated and expensive chemistry. For this reason, we chose the best scoring 




















3e: R = Ph
3f:  R = Bn
1a: X = H, R = H
1b: X = H, R = Ph
1c: X = H, R = Bn
1d: X = Br, R = H
1e: X = Br, R = Ph













Scheme 1. Synthetic route and carbazole derivatives synthesized. 
 
The results for the experimental binding assays in BACE-1, AChE and BuChE, as well 
as the ThT Aβ aggregation inhibition are shown in Table 2. As seen from this table, 
some of the aniline-containing compounds showed some promise as multitarget 
inhibitors. For instance, compounds 1e and 1f display µM affinity for AChE and Aβ 
inhibition percentage of ca. 50% at 100 µM peptide concentration, values that are 
superior to 9,10-antraquinone (30% at 100 µM).33 On the other side compound 1a, 
displays µM binding for BuChE, and 58% percentage of inhibition of the fibril 
formation. Nevertheless, none of the carbazole and aniline containing compounds 




Table 2. Experimental results for the multitarget assays.  
Compound 









1a 30 ± 1 -- -- 6.0 ± 1.0 58 ± 2 1.3 ± 0.3 -- 
1b 22 ± 1 -- 34 ± 1 -- 51 ± 5 2.4 ± 1.4 -- 
1c 49 ± 2 -- 33 ± 1 -- 36 ± 5 1.5 ± 0.3 -- 
1d 15 ± 1 -- 12 ± 1 -- 41 ± 3 1.6 ± 1.5 -- 
1e -- 7.2 ± 0.4 20 ± 1 -- 46 ± 3 0.5 ± 0.3 -- 
1f -- 7.8 ± 0.2 10 ± 1 -- 49 ± 1 0.9 ± 0.9 -- 
3e  48 ± 1 -- -- 1.1 ± 0.2 11 ± 3 -- 3.1 ± 0.4 
3f -- 14 ± 1 -- 7.1 ± 0.7 28 ± 3 -- 3.1 ± 0.3 
 
Finally, as seen from this table the benzylamine amine bearing compounds (3e and 3f) 
have improved their affinity for BACE-1 by three orders of magnitude over the aniline 
containing compounds. This result validates and supports the outcome of our 
calculations (see Figures 5 and 6), which indicate that the addition of a CH2 fragment 
provides hits across the set of scoring functions used in our calculations. As mentioned 
before this effect is probably due to the raise in the pKa in the bezylamine’s amino 
group, which favours the formation of an ion pair with one of the Asp residues of the 
active site Asp dyad. These latter compounds (3e and 3f) have improved their affinity 
for BuChE and 3f displays as well a micromolar affinity for AChE. Nevertheless, their 
Abeta aggregation inhibition has dropped below the 30% inhibition displayed by the 
reference compound (9,10-antraquinone).  
 
3.2. Screening a third generation candidates: Indole based multitarget candidates 
The carbazole moiety present in the candidates synthesized and assayed above is quite a 
bulky group. Perusal of the resulting binding poses showed some steric clashes between 
the ligand and some protein side chains. The close van der Waals contacts are allowed 
by the GOLD docking protocol as a way of compensating for the lack of protein 
flexibility.15 Figures S1 and S2 display the steric clashes of some ligands with BACE-1 
and AChE. An option to avoid the steric clashes altogether will be to search for smaller 
aromatic groups in place of the carbazol, like an indole. Based on this idea we designed 
a new generation of multi-target candidates bearing this fragment in one end and in the 
other end the same aromatic moieties which were already used in the previous sections 
(substituted anilines and benzylamines). For these ligands we have chosen the OBn 
substituent for the anilines and benzylamines, since the analysis of the results for the 
carbazole-containing compounds described above has shown that this substituent 
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provides the leads with the right length to span the distance from the CAS to the PAS in 
AChE. 
 
3.2.1. BACE-1 ligand screening 
Figure 12 lists the global hit success for the indole based derivatives, while the scoring 
function values for this set of compounds are listed in Tables S6 and S7. The structural 
variables analyzed in these figures are the same as in the study of the carbazole 
derivates in the previous section and include the moiety to which the amino group 
belongs (aniline or benzylamine), its protonation state, the substitution of the indole 
group, the substituent position (ortho or meta) of the other aromatic ring and the 
stereochemistry of the OH group.  
Perusal of our results indicates that the indole based ligands have a higher probability of 
binding to BACE-1 with a medium open or fully open flap (see Tables S6 and S7). The 
number of hits with a closed flap is very small, especially when using a ChemPLP 
scoring function, indicating that these molecules fit in the active site of BACE-1 thanks 
to the plasticity of its flap. 
In the case of the carbazole based compounds, the best ranking compounds where those 
that contained a benzylamine moiety, one that assured the existence of a protonated 
amino group. A global comparison of the compounds that contain an aniline (see Figure 
12, upper panel) with those that contain a benzylamine (Figure 12, lower panel) indicate 
that the latter present a larger global hit rate, a pattern similar to that observed for the  
carbazole containing compounds. Nevertheless, the preferred benzylamine substitution 
pattern in the indole based compounds (predicted by our calculations) differs from the 
one predicted for the carbazole containing ligands. These latter compounds favour an 
ortho rather than meta substitution pattern for benzylamines. On the other hand perusal 
of Figure 12 suggests that the indole based compounds favours a meta over the ortho 
substitution, a substitution pattern also followed by the aniline bearing compounds. 
Moreover, for these latter compounds, the largest increase is observed for the hits 
containing a neutral ligand.  
We have also studied the effect of the ligand protonation state on the number of hits. 
For the aniline as well as the benzylamine containing compounds (Figure 12), the 
number of hits increases (for the most part) when the amino group is protonated, rather 












4a: R1 = H, R2 = OBn, X = H
4b: R1 = H, R2 = OBn, X =Br
4c: R1 = H, R2 = OBn, X = Me
5a: R1 = OBn, R2 = H, X = H
5b: R1 = OBn, R2 = H, X =Br




             
 
 







6a: R1 = H, R2 = OBn, X = H
6b: R1 = H, R2 = OBn, X =Br
6c: R1 = H, R2 = OBn, X = Me
7a: R1 = OBn, R2 = H, X = H
7b: R1 = OBn, R2 = H, X =Br





Figure 12. Global hit success that result from the docking to BACE-1 of indole derivatives, 






3.2.2 AChE ligand screening.  
The global hit rate resulting from the AChE docking based screening calculations for 
the indole derivatives that contain a substituted aniline or benzylamine amine in ortho 
or meta positions are depicted in Figure 13. Comparison of the effect of the substitution 
pattern in both aniline and benzylamine (shown in this figure) indicate that changing the 
substitution from ortho to meta increases the number of hits. As seen from Figure 13, 
the number of hits obtained and the consensus reached across the three scoring 
functions indicate that our indolbenzylamine-containing compounds fit well inside 
AChE spanning both the main site (CAS) and the peripheral one (PAS). Moreover, 
comparison of the aniline bearing compounds with the benzylamine ones indicate that 
the latter present a larger number of hits across all scoring functions, probably due to an 
increase in size of the ligands that allow it to span better both binding sites.  
One interesting issue are the docking exit poses. As we mentioned above in our 
pharmacophore depiction for AChE, we seek to have dual inhibitors in which one of the 
end aromatic fragments is to be found at the CAS and the other end aromatic group 
positions itself in the PAS, both producing π stacking interactions with the aromatic 
residue clusters residing in both sites (see Figure 1). There are two possible pose 
orientations that fulfil this hit. In the first one the indole moiety is predicted to be found 
in the CAS while the terminal benzyloxi group is to be found at the PAS. In the second 
possible pose, we have the inverse option in which the indole fragment resides at the 
PAS. We have listed in Figure 13 both poses and have referred to them as ‘CAS’ and 
‘PAS’ respectively. As seen from these plots the number of ‘CAS’ hits (indole docked 
into CAS) is larger than the one that places this fragment in the PAS (both for aniline 
and benzylamine containing compounds), a result that we will try to verify through X-
ray crystallography. In Figure 14 we depict the most favoured pose obtained for 
compound 7a with the Chemscore fitness function. Notice that the indole fits neatly in 
the CAS, making π stacking interactions with residues W84 and F330, while the Bn 
group interacts with W279 and Y70 in the PAS.  
Finally, our results (shown in Figure 13) indicate that there is scarcely a preference for 
one of the enatiomers, neither there is a clear proclivity for a neutral or charged state for 















4a: R1 = H, R2 = OBn, X = H
4b: R1 = H, R2 = OBn, X =Br
4c: R1 = H, R2 = OBn, X = Me
5a: R1 = OBn, R2 = H, X = H
5b: R1 = OBn, R2 = H, X =Br





Figure 13a. Docking results of the indole bearing compounds with ortho (upper panel) and 
















6a: R1 = H, R2 = OBn, X = H
6b: R1 = H, R2 = OBn, X =Br
6c: R1 = H, R2 = OBn, X = Me
7a: R1 = OBn, R2 = H, X = H
7b: R1 = OBn, R2 = H, X =Br







Figure 13b. Docking results for indole bearing compounds with ortho (upper panel) and meta 





Figure 14. Pose for ligand 7a in which the indole fragment interacts (through π stacking) with 
residues Trp 84 and Phe 330 in the CAS, while the treminal Bn group interacts with Tyr 70 and 
Trp 279 at the PAS site.  
 
 
3.2.3. Inhibitor Aβ12-28 peptide interaction results.  
We have performed the MD simulations on two of our indole candidates: one 
containing an aniline fragment (4b) and the other containing a benzylamine moiety 
(7b). The results indicate that fraction residency times around the peptide with 7.5 Å 
radii for these compounds are relatively high (0.88 and 0.96 respectively).  
Figure 15 displays the ligands residency time around every residue of Aβ12-28. As seen 
from this figure, the ligands favour two binding spots (populated by aromatic residues), 
a result already observed for the carbazole containing compounds. The most frequented 
site is around the LVFFA segment, and the second one contains the two His residues at 
the start of the sequence. Another important feature is that these ligands present much 
higher residence times than the reference ligand, the 9,10-antraquinone, a compound 
that has a 30% fibril formation inhibition at 100 µM concentration. Furthermore, 
comparison of the intra-peptide residue interaction when these two ligands are present 
(see Figure 16) with the residue contact when they are absent (see Figure 11) indicates 
that these compounds clearly interrupt the formation of the hairpin structures that are 
the hallmark of Aβ peptide aggregates, indicating that these ligands may inhibit amyloid 
aggregation. Finally, we predict that the benzylamine-containing compound (7b) 
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reduces the formation of turns (around the DVSG segment) more efficiently than the 
aniline based compound (4b). 
 
 




4b    7b  





































Figure 16.  Residue-residue interaction contact map in the presence of the candidates 4b and 
7b. The colour scale shown above indicates the residence times.  
 
3.2.4. Synthesis and experimental inhibitory assays.  
The indole derivatives whose structures contain either an aniline or a benzylamine 
fragment were obtained by the same synthetic route as the carbazole containing 
compounds indicated in Scheme 2, which includes the list of synthesized molecules. 
 





















7a: X = H
7b: X = Br
7c: X = Me
4a: R1 = H, R2 = OBn, X = H
4b: R1 = H, R2 = OBn, X =Br
4c: R1 = H, R2 = OBn, X = Me
5a: R1 = OBn, R2 = H, X = H
5b: R1 = OBn, R2 = H, X =Br













Scheme 2. Synthetic route and indole derivatives synthesized.   
 
The results of the binding assays to BACE-1, AChE, BuChE for the selected 
compounds, together with the fibril inhibition assay are listed in Table 3. As seen from 
this table the meta substituted benzylamine compounds display altogether much higher 
activity than the ortho substituted aniline ones for AChE, a result that validates the 
predictive power of our in silico protocol presented above. More importantly, the 
replacement of a carbazole by an indole moiety with a benzylamine substituted in meta 
has lead to candidates that bind to all amyloid cascade targets, (BACE-1, amyloid 
aggregates and the peripheral site in AChE), as well as to AChE’s main site and BuChE, 
implying also a positive cholinergic effect in AD. Hence, compounds like 7c are truly 
multitarget compounds.  
Finally, the results displayed in Tables 2 and 3 also afford us with important structural 
information for the binding poses of both carbazole and indole bearing compounds to 
the cholinergic targets. For instance compounds 7a, 7b and 7c bind even better to 
BuChE than to AChE. This result has structural implications, since these two enzymes 
are highly homologous in the CAS, but BuChE replaces the targeted aromatic residues 
present in the PAS site of AChE by non-aromatic ones, precluding the formation of 
possible π stacking interactions in this enzyme.34 Hence, the fact that there are ligands 
that bind to both cholinerases may mean that they are able to diffuse to the CAS site in 
AChE and bind to it. This experimental results support the idea that our design has 
produced dual AChE inhibitors that bind both to the CAS and the PAS of this enzyme, a 
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conclusion reached as well by the pose search in our docking based screening 
simulations (see Figures 13 and 14).  
 
Table 3. Experimental results for indole based compounds.  
Candidate 









4a 44 ± 1 -- 17 ± 3 -- 43 ± 1 --   5.7 ± 1.6 -- 
4b 45 ± 2 -- 18 ± 3 -- 23 ± 2 --   6.3 ± 1.4 -- 
4c 44 ± 1 -- 19 ± 1 -- 43 ± 5 -- 16.4 ± 0.1 -- 
5a -- 8.5 ± 0.7  20 ± 2 -- 55 ± 3 -- 3.5 ± 2.4 -- 
5b -- 9.3 ± 0.6 24 ± 1 -- 22 ± 2 -- 1.8 ± 0.6 -- 
5c -- 12 ± 1 17 ± 1 -- 57 ± 2 -- 0.1 ± 0.1 -- 
7a -- 10.4 ± 0.1 -- 0.70 ± 0.02 57 ± 3 -- -- 3.0 ± 1.4 
7b -- 9.1 ± 1.1 -- 0.29 ± 0.05 47 ± 2 -- -- 2.5 ± 0.1 
7c -- 5.9 ± 1.0 -- 0.39 ± 0.03 78 ± 1 34 ± 2 -- 4.3 ±0 .8 
 
 
4. DISCUSSION & CONCLUSIONS 
As mentioned in the introduction, the search for single leads for all amyloid cascade 
targets represents a sizable challenge due to the substantial differences in their binding 
sites. To tackle this issue, we have proposed in this work a computer assisted route that 
relies on a pharmacophore whose scaffold was built on knowledge obtained in our lab 
and others. The search for compounds with the proposed scaffold led us to a group of 
carbazole containing compounds with substituted aniline fragments, which has been 
previously identified as neuro-protecting and neuro-generating compounds in mice.8 In 
order to search for leads based on this scaffold we conceived a computer-assisted 
protocol that combines docking simulations (for the enzyme targets) with MD 
simulations that studied the time evolution of an amyloid peptide fragment in the 
presence of our candidates. The main novelty of the docking protocol is that the hit 
poses should comply with the set of inhibitor-protein interactions assigned to our 
pharmacophore (see Figure 1). 
This work had a twofold aim. Firstly, to investigate if these compounds owed their 
biologic activity to their binding of some the amyloid cascade targets, and secondly to 
search for analogues with an increased affinity for the largest possible group of amyloid 
cascade targets. The first round of calculations to our original compounds displayed 
very few hits in BACE-1 (see Figure 5), but a number of hits in AChE. Our binding 
assays (Table 2) corroborated the outcome of our calculations, since the initial set of 
compounds displayed low affinities for BACE-1 (not surpassing the 33% BACE-1 
inhibition at 1mM). Nevertheless, as predicted by our calculations these compounds 
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presented µM affinity for AChE for those compounds that present the largest scoring 
function values in our docking calculations (see results for 1e and 1f in Figure 7). 
Perusal of the exit docking poses indicates that these compounds are able to span both 
AChE binding sites, a result that could explain their better affinity as compared to their 
congeners. Finally, some of the compounds in the initial set display a fibril inhibition 
slightly above that of the reference compound 9-10 antraquinone.33 
In order to improve the binding across the amyloid targets and especially for BACE-1, 
we proceeded to modify these compounds with the information afforded by two 
computer aided design cycles. The initial screening results for BACE-1 anticipated that 
most of the hits were obtained with the protonated amino group in the aniline (see 
Figure 5). In order to improve the probability that the amino group will actually be 
protonated we replaced the aniline moiety by a benzylamine fragment. The docking 
results predicted that the second generation compounds should improve their hit rates 
mainly for BACE-1. In order to test this outcome we synthesized and assayed two of the 
benzylamine containing compounds that showed promising results in the docking 
calculations (3e and 3f). The binding assays indicated that the new candidates improved 
its binding affinity for BACE-1 by more than 3 orders of magnitude (IC50 =3.1 µM). 
Interestingly enough, these compounds also showed affinity for BuChE. In healthy 
brains, AChE hydrolyzes about 80% of acetylcholine while BuChE plays a secondary 
role. However, as AD progresses, the activity of AChE is greatly reduced in specific 
brain regions while BuChE activity increases, likely as a compensation for the AChE 
depletion. Consequently, both enzymes are useful therapeutic targets for AD35 and our 
experimental results indicate that our compounds not only should affect the amyloid 
cascade at the core of the AD, but should have a positive cholinergic effect. 
The design of the third generation ligands was afforded by the inspection of the exiting 
poses of the carbazole containing compounds, which showed that there was some steric 
clashes between the carbazole moiety and some of the residues belonging either to 
BACE-1 and AChE (see Figures S1 and S2). In order to avoid close van der Waals 
overlaps we designed a new set of ligands in which the carbazole moiety was replaced 
by indol, a smaller fragment, while at the other end we kept the substituted aniline or 
benzylamine fragments. Even in the case of the aniline containing compounds, the 
replacement of a carbazole for an indole (see Figures 5 and 12) increases substantially 
the number of hits for BACE-1, especially when the ligand is neutral. Moreover, we 
predict that an additional hit enrichment could be obtained by replacing the aniline 
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moiety by a benzylamine fragment substituted at meta rather than at ortho position (see 
Table S7 and Figure 12). Our docking calculations show that AChE has a very similar 
inhibitor preference as BACE-1, meaning that a consensus inhibitor design has been 
reached for both enzymes.  
There has been a sizable effort in understanding the effect of ligands on the secondary 
structure of abeta peptides by MD simulations, in order to get some insight on the 
inhibitory effect of these ligands.28 For instance, Wang et al.36 studied the time 
evolution of the Aβ peptide in the presence of polyphenolic xantones. The analysis of 
rather short MD simulations (in the nanosecond regime) indicated that the presence of 
these ligands seem to help retain the alpha helix secondary structure (from which these 
simulations start) and hence preclude amyloid aggregation. On the other hand our 
results shed light on an open question that relates to the existence of an amyloidogenic 
core which serves as a template for amyloid oligomers and fibril formation, an issue that 
is relevant not only to AD but also to other pathologies (e.g., diabetes type 2 and 
Parkisnson’s) that are associated with the misfolding of polypeptides.37 Hence, a 
possible paradigm for an inhibition Abeta aggregation route could rely on precluding 
the emergence of the core structure with a beta hairpin structure. Comparison of the 
results obtained from our MD simulations of an Aβ fragment (residues 12 to 28) in the 
presence and absence of our candidate compounds seem to indicate that the best 
aggregation inhibitors are able to modulate the secondary structure of the peptide, 
partially precluding the formation of a hairpin aggregation template. Nevertheless, we 
expect that this simple protocol based on MD simulations of a single Abeta peptide 
fragment may not be able to give a quantitative inhibition ranking, but rather would 
enable us to tell apart the best binders.  
The results of the enzyme FRET assays for BACE-1, AChE and BuChE, as well as ThT 
fibril formation assays on indole based compounds with an aniline and meta substituted 
benzylamine derivatives fully support the outcome of our calculations, indicating that 
the latter set of compounds (7a, 7b and 7c) are by far the most superior candidates, and 
display a multi-target behaviour across the amyloid cascade and cholinergic pathways.  
Besides affording robust predictions about the relative affinity of our candidate 
compounds, our computer assisted protocol has provided us with valuable structural 
predictions such as the flap opening in BACE-1 when bound to our inhibitors, or the 
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Table S1. Docking results to BACE-1 with three different flap openings for carbazole derivatives 1a-1g with an 
ortho or meta-substituted aniline in both, neutral and protonated states.a 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	    
	  
Candidate 
ChemScore GoldScore ChemPLP 
Open Med Closed Open Med Closed Open Med Closed 
1a  
Neut -- -- -- -- -- -- -- -- -- 
Prot -- -- 37.2 (01) -- -- -- -- -- -- 
1b  
Neut -- -- -- -- -- -- -- -- -- 




Neut -- -- -- -- -- -- -- -- -- 




Neut -- -- -- -- -- -- -- -- -- 






(01) -- -- 
1e  




(05) -- -- -- 
Prot -- -- 43.1 (03) 
81.9 
(01) -- -- -- -- -- 
1f  
Neut -- -- -- -- -- -- -- -- -- 
Prot -- -- -- 84.7 (01) -- -- -- -- -- 
1g 
Neut 28.50 (10) -- -- -- 
58.16 
(01) -- -- -- -- 




(01) -- -- 
71.02 
(03) -- -- 
80.80 
(02) 
a The table shows scoring data for the ligand hit poses. Numbers in parentheses indicate the ranking position 



























1a: X = H, R1 = H, R2 = OMe
1b: X = H, R1 = H, R2 = OBn
1c: X = H, R1 = H, R2 = OCH2CH2Ph
1d: X = Br, R1 = H, R2 = OMe
1e: X = Br, R1 = H, R2 = OBn
1f:  X = Br, R1 = H, R2 = OCH2CH2Ph
1g:  X = Br, R1 = OMe, R2 = H
R1
 S3 
Table S2. BACE-1 with three different flap openings docking results for carbazole derivatives 2a-2h in their 
protonated state (protonated ortho-benzylamines).a 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
	  
Candidate 
ChemScore GoldScore ChemPLP 
Open Med Closedd Open Med Closed Open Med Closed 
2a 









S 30.86 (04) 
31.72 




(01) -- -- 
2b 













(01) -- -- -- -- 
2c 





















(01) -- -- 
2d 






(02) -- -- -- -- 
S 33.86 (03) 
35.53 








R 35.7 (03) -- -- -- -- -- -- -- -- 










(07) -- -- 
2f 




(01) -- -- -- 
95.2 
(01) 






(01) -- -- -- 
2g 
R -- -- -- -- -- -- -- -- -- 






(03) -- -- -- -- 
2h 
R -- -- -- -- -- -- -- -- -- 
S -- 36.21 (04) -- 
68.41 
(03) -- -- -- -- -- 
a The table shows scoring data for the ligand hit poses. Numbers in parentheses indicate the ranking position 

















2a: X = Y = H, R = OMe
2b: X = Y = H, R = OBn
2c: X = Y = H, R = OCH2CH2Ph
2d: X = Y = Br, R = OMe
2e: X = Y = Br, R = OBn
2f:  X = Y = Br, R = OCH2CH2Ph
2g: X = Br, Y = Me, R = OBn
2h: X = Br, Y = Me, R = OCH2CH2PhR
 S4 
Table S3. Docking results in BACE-1 with three different flap openings for carbazole derivatives 3b-3h with 
meta-substituted benzylamines in both, neutral and protonated states.a 
	  
                      
 
Candidate 
ChemScore GoldScore ChemPLP 
Open Med Closed Open Med Closed Open Med Closed 
3a 








(06) -- -- -- 
S Neut 32.3 (08) 
34.3 
(06) -- -- -- 
50.6 
(09) -- -- -- 
R Prot 33.7 (01) -- -- -- -- 
60.8 
(05) -- -- 
76.7 
(01) 








(04) -- -- -- 
3b 
R Neut -- -- 29.93 (07) -- -- -- -- -- -- 
S Neut 36.91 (02) -- -- -- -- -- -- -- -- 
R Prot -- -- -- -- -- -- 76.0 (04) -- -- 
S Prot -- 37.67 (07) -- -- 
64.77 
(01) -- -- -- -- 
3c 
R Neut 34.94 (07) -- -- 
68.48 
(05) -- -- -- -- -- 
S Neut -- -- -- 61.95 (07) -- -- -- -- -- 
R Prot 33.27 (07) -- -- -- -- -- -- -- -- 




(02) -- -- -- -- -- 
3d 
R Neut -- 32.4 (04) -- 
54.1 
(10) -- -- -- -- -- 
S Neut 33.8 (01) 
33.2 
(04) -- -- -- -- -- -- -- 
R Prot 29.9 (06) -- -- -- -- -- -- -- -- 






(10) -- -- -- -- 
3e 
R Neut -- -- -- -- -- -- -- -- -- 
S Neut 36.54 (01) -- -- 
70.85 
(03) -- -- -- -- -- 








(07) -- -- -- 
S Prot -- 38.1 (02) -- -- 
72.67 
(01) -- -- -- -- 
3f 
R Neut 35.23 (04) -- -- -- -- -- -- -- -- 
S Neut -- -- -- -- 61.86 (08) -- -- -- -- 




(07) -- -- 
72.01 
(04) -- -- -- 






3a: X = Y = H, R = OMe
3b: X = Y = H, R = OBn
3c: X = Y = H, R = OCH2CH2Ph
3d: X = Y = Br, R = OMe
3e: X = Y = Br, R = OBn
3f:  X = Y = Br, R = OCH2CH2Ph
3g: X = Br, Y = Me, R = OBn
3h: X = Br, Y = Me, R = OCH2CH2Ph
R
 S5 
Table S3 (Cont).  
Candidate 
ChemScore GoldScore ChemPLP 
Open Med Closed Open Med Closed Open Med Closed 
3g 
R Neut 38.17 (01) -- -- -- -- -- -- -- -- 
S Neut -- -- -- 65.74 (05) -- -- -- -- -- 
R Prot 39.41 (01) -- -- -- 
66.20 
(03) -- -- -- -- 
S Prot -- -- 39.86 (01/1) -- -- -- -- -- -- 
3h 
R Neut -- -- -- -- 64.34 (10) -- -- -- -- 
S Neut -- -- -- -- -- -- -- -- -- 
R Prot -- -- -- -- -- -- -- -- -- 
S Prot 34.65 (05) 
36.88 
(02) -- -- 
67.93 
(02) -- -- -- -- 
a The table shows scoring data for the ligand hit poses. Numbers in parentheses indicate the ranking position of 













Table S4. AChE docking results for carbazole derivatives 1a-1f (ortho-anilines) and 2a-2f (ortho-




Candidate Chemscore GoldScore ChemPLP 
 
Candidate Chemscore GoldScore ChemPLP 
1a -- -- -- 2a -- -- -- 




















1d -- -- --  2d -- -- -- 





















a The table shows scoring data for the ligand hit poses. Numbers in parentheses indicate the ranking position of 











1a: X = H, R = OMe
1b: X = H, R = OBn
1c: X = H, R = OCH2CH2Ph
1d: X = Br, R = OMe
1e: X = Br, R = OBn






2a: X = H, R = OMe
2b: X = H, R = OBn
2c: X = H, R = OCH2CH2Ph
2d: X = Br, R = OMe
2e: X = Br, R = OBn
2f : X = Br, R = OCH2CH2PhR
 S6 
Table S5. AChE docking results for carbazole derivatives 3b-3h (meta-benzylamines) in both, neutral and 
protonated states.a 
 
Candidate ChemScore GoldScore ChemPLP 
3b 





















R Neut 64.13 (01) -- 
137.64 
(01) 










































S Neut 64.58 (01) -- 
135.90 
(01) 




















































a The table shows scoring data for the ligand hit poses. Numbers in parentheses indicate the ranking position of 






3b: X = Y = H, R = OBn
3c: X = Y = H, R = OCH2CH2Ph
3e: X = Y = Br, R = OBn
3f:  X = Y = Br, R = OCH2CH2Ph
3g: X = Br, Y = Me, R = OBn
3h: X = Br, Y = Me, R = OCH2CH2Ph
R
 S7 
Table S6. Docking results in BACE-1 with three different flap openings for indole derivatives 4a-4c (ortho) and 




ChemScore GoldScore ChemPLP 
Open Med Closed Open Med Closed Open Med Closed 
4a 
R Neut -- -- -- -- -- -- -- -- -- 
S Neut -- -- -- -- 60.59 (01) -- -- -- -- 
R Prot -- -- -- 60.84 (08) 
61.05 
(02) -- -- 
77.9 
(02) -- 








(09) -- -- -- -- 
4b 
R Neut -- -- -- 57.92 (09) -- -- -- -- -- 
S Neut -- -- -- -- -- -- -- -- -- 
R Prot 30.51 (10) -- -- 
64.78 
(04) -- -- -- 
71.62 
(02) -- 












R Neut -- -- -- -- -- -- -- -- -- 
S Neut -- -- -- -- -- -- -- -- -- 




(10) -- -- 
74.21 
(03) -- 
S Prot -- -- -- -- 66.46 (02) -- -- -- -- 
5a 
R Neut -- -- -- -- -- -- -- 74.79 (02) -- 








(07) -- -- -- 
R Prot 32.18 (01) 
34.11 
(05) -- -- -- -- -- 
71.66 
(05) -- 
















(04) -- -- -- -- 




(01) -- -- -- 
66.46 
(10) -- -- 




(08) -- -- 
67.90 
(10) -- -- 








(07) -- -- -- 
5c 




(02) -- -- 
69.75 
(09) -- 
S Neut 31.07 (05) 
38.00 
(02) -- -- 
58.47 
(03) -- -- 
71.98 
(05) -- 








(09) -- -- -- -- 
S Prot 34.60 (01) 
36.08 
(02) -- -- -- -- -- -- -- 
a The table shows scoring data for the ligand hit poses. Numbers in parentheses indicate the ranking position of 








4a: R1 = H, R2 = OBn, X = H
4b: R1 = H, R2 = OBn, X =Br
4c: R1 = H, R2 = OBn, X = Me
5a: R1 = OBn, R2 = H, X = H
5b: R1 = OBn, R2 = H, X =Br
5c: R1 = OBn, R2 = H, X = Me
R1
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Table S7. Docking results in BACE-1 with three different flap openings for indole derivatives 6a-6c (ortho) and 
7a-7c (meta) substituted benzylamines in both, neutral and protonated states.a 
 
               
 
Candidate 
ChemScore GoldScore ChemPLP 
Open Med Closed Open Med Closed Open Med Closed 
6a 






(01) -- -- 
74.42 
(03) -- 
S Neut -- -- -- -- -- -- -- 74.44 (02) -- 




(03) -- -- -- 
74.19 
(05) -- 
S Prot 33.04 (03) 
35.34 
(02) -- -- 
62.97 
(08) -- -- -- -- 
6b 




(08) -- -- -- -- -- 
S Neut 33.86 (01) -- -- 
55.01 
(10) -- -- -- -- -- 



















(01) -- -- -- 
6c 






(05) -- -- 
74.31 
(03) -- 




(04) -- -- -- -- -- 
R Prot 34.05 (01) 
35.22 
(04) -- -- -- -- -- -- -- 
S Prot -- 35.84 (03) -- -- -- 
54.76 
(09) -- -- -- 
7a 
R Neut 36.08 (01) 
37.96 
(01) -- -- -- -- 
74.27 
(01) -- -- 




(03) -- -- -- -- -- 
R Prot 33.38 (02) 
37.82 









S Prot 31.25 (10) 
35.91 






(01) -- -- 
7b 






(05) -- -- 
70.36 
(02) -- -- 
S Neut 34.34 (02) -- -- -- -- -- -- 
70.03 
(03) -- 








(07) -- -- -- 
























6a: R1 = H, R2 = OBn, X = H
6b: R1 = H, R2 = OBn, X =Br
6c: R1 = H, R2 = OBn, X = Me
7a: R1 = OBn, R2 = H, X = H
7b: R1 = OBn, R2 = H, X =Br
7c: R1 = OBn, R2 = H, X = MeR2
R1
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Table S7 (Cont.) 
Candidate 
ChemScore GoldScore ChemPLP 
Open Med Closed Open Med Closed Open Med Closed 
7c 




(03) -- -- 
74.20 
(01) -- -- 
S Neut 35.92 (01) 
37.00 









(06) -- -- -- 
70.07 
(06) -- 
S Prot 34.24 (02) 
37.36 







a The table shows scoring data for the ligand hit poses. Numbers in parentheses indicate the ranking position of 















Figure S1. Snapshot of compound 1a docked to BACE-1 with open flap using ChemScore scoring function. 





Figure S2. Snapshot of compound 3e docked to AChE using ChemPLP scoring function. Notice the steric 














8a, R1 = H
8b, R1 = Br
O
9 10a, R1 = H

















3e, R1 = Br, R2 = Ph
3f, R1 = Br, R2 = CH2Ph
1a, R1 = H, R2 = H
1b, R1 = H, R2 = Ph
1c, R1 = H, R2 = CH2Ph
1d, R1 = Br, R2 = H
1e, R1 = Br, R2 = Ph
1f, R1 = Br, R2 = CH2Ph
11KOH
DMF
12a, R2 = Ph









Scheme S2. Synthesis of indole derivatives 4a-4c, 5a-5c and 7a-7c. 
 
General Procedures. All reactions requiring anhydrous conditions were conducted in 
flame-dried glassware under an atmosphere of dry argon. Solvents were distilled 
immediately before use: THF from Na/benzophenone, CH2Cl2 and CH3CN from CaH2. All 
commercially available reagents were purchased and used without further purification. 3,5-
Dibromoindole1 (13b), 2-phenethoxyaniline2 (11c), carbazole-epoxide3 10 and indole-
epoxide3 14 have been prepared according to known procedures. Silica gel 60 F254 plates 
(Merck) were used for Thin Layer Chromatography. Flash chromatography was performed 
on Merck 230−400 mesh silica gel 60. NMR spectra were recorded at room temperature on 
Varian Mercury 300 and Varian Inova 500 spectrometers. High-resolution mass 
spectrometry (HRMS) was carried out on a Bruker Microtof mass spectrometer. Elemental 
analyses were recorded on a Fisions EA1108 analyzer. 
3-Benzyloxybenzylamine (12a). Methanesulfonyl chloride (0.4 mL, 5.15 mmol) was 
slowly added to a stirred solution of 3-benzyloxybenzyl alcohol (1.0 g, 4.67 mmol) and 
triethylamine (0.78 mL, 5.6 mmol) in dichloromethane (10 mL) at 0 °C. After stirring at 0 
°C for 1 h, aqueous 1 N HCl (6 mL) was added, and the organic layer was separated, 






13a, R1 = H
13b, R1 = Br
13c, R1 = CH3
9 14a, R1 = H
14b, R1 = Br














7a, R1 = H
7b, R1 = Br





4a, R1 = H, R2 = OCH2Ph, R3 = H
4b, R1 = Br, R2 = OCH2Ph, R3 = H
4c, R1 = CH3, R2 = OCH2Ph, R3 = H
5a, R1 = H, R2 = H, R3 = OCH2Ph
5b, R1 = Br, R2 = H, R3 = OCH2Ph













concentrated to dryness. The residue was dissolved in DMF (15 mL) and potassium 
phthalimide (908 mg, 4.9 mmol) was added and the mixture stirred at rt for 12 h. The 
reaction mixture was partitioned between water (30 mL) and EtOAc (20 mL), and the 
aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were 
washed with brine (50 mL), dried over anhydrous sodium sulfate, filtered, and 
concentrated. The crude residue was dissolved in EtOH (28 mL), treated with hydrazine 
monohydrate (2 mL) and refluxed for 2h. After cooling down to rt, the mixture was filtered 
through Celite, evaporated and purified by column chromatography (SiO2, CH2Cl2/MeOH 
9:1) to afford 12a4 (0.810 g, 81%). 1H NMR (500 MHz, CD2Cl2) δ: 7.48-7.37 (m, 4H), 7.35 
(m, 1H), 7.25 (t, J = 7.9 Hz, 1H), 6.98 (dd, J = 2.6, 1.6 Hz, 1H), 6.92 (ddq, J = 7.6, 1.6, 0.8 
Hz, 1H), 6.85 (ddd, J = 8.2, 2.6, 0.9 Hz, 1H), 5.08 (s, 2H), 3.82 (s, 2H). 13C NMR (125.77 
MHz, CD2Cl2) δ: 159.5, 146.2, 137.8, 129.9, 129.0, 128.4, 128.1, 120.1, 114.0, 113.3, 70.4, 
46.9. HRMS (ESI): calcd. for C14H16NO [M + H]+ 214.1226; found 214.1222. 
3-Phenethoxybenzylamine (12b). A solution of 3-hydroxybenzyl alcohol (1.5 g, 12.1 
mmol) in dry acetone (40 mL) was treated with anhydrous K2CO3 (4 g, 29 mmol) and 2-
phenylethyl bromide (3.3 mL, 24.2 mmol). The mixture was heated at reflux with vigorous 
stirring for 12 h, cooled to rt, and additional 2-phenylethyl bromide (3.3 mL, 24.2 mmol) 
was added and the mixture was refluxed for another 12 h. The reaction was cooled to rt, 
filtered and concentrated to dryness. The crude product was purified by column 
chromatography (SiO2, EtOAc/Hexane 1:5) to afford the desired compound (2.01 g, 73%). 
3-Phenethoxybenzyl alcohol was then transformed into 3-phenethoxybenzylamine (76% 
yield) following the same procedure as for 12a. 1H NMR (500 MHz, CD2Cl2) δ: 7.36-7.30 
(m, 4H), 7.25 (m, 2H), 6.89 (m, 2H), 6.78 (ddd, J = 8.3, 2.5, 1.0 Hz, 1H), 4.20 (t, J = 6.9 
Hz, 2H), 3.81 (s, 2H), 3.10 (t, J = 6.9 Hz, 2H). 13C NMR (125.77 MHz, CD2Cl2) δ: 159.6, 
146.1, 139.1, 129.9, 129.5, 128.9, 126.9, 119.9, 113.7, 113.1, 69.1, 46.9, 36.3. HRMS 
(ESI): calcd. for C15H18NO [M + H]+ 228.1383; found 228.1389. 
General procedure for the synthesis of carbazole derivatives 1–3 and indole 
derivatives 4–7. A stirred solution of the corresponding carbazole-epoxide3 10 (3.5 mmol) 
in freshly distilled CH3CN (18 mL) at rt was treated with aniline 11 (3.85 mmol) and 
Mg(ClO4)2 (3.85 mmol).5 The reaction mixture was then heated at 40 ºC under argon for 24 
h. The solvent was evaporated, and the residue was partitioned between EtOAc (20 mL) 
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and water (20 mL). The aqueous layer was extracted with EtOAc (3 x 10 mL) and the 
combined organic layers were washed with brine (20 mL), dried over anhydrous sodium 
sulfate, filtered, and concentrated. The residue was purified by column chromatography 
(SiO2, EtOAc-hexane, 1:5 to 1:1).   
1-(9H-Carbazol-9-yl)-3-((2-methoxyphenyl)amino)propan-2-ol (1a). Starting from 
carbazole-epoxide 10a and 2-methoxyaniline (11a), compound 1a was isolated as a 
greyish-white solid in 72% yield; mp 116–117 ºC. 1H NMR (300 MHz, (CD3)2CO) δ: 8.13 
(ddd, J = 7.8, 1.3, 0.7 Hz, 2H), 7.61 (dt, J = 8.4, 0.9 Hz, 2H), 7.41 (ddd, J = 8.3, 7.1, 1.2 
Hz, 2H), 7.20 (ddd, J = 8.0, 7.1, 1.0 Hz, 2H), 6.82 (dd, J = 7.7, 1.4 Hz, 1H), 6.74 (td, J = 
7.6, 1.4 Hz, 1H), 6.59 (td, J = 7.7, 1.6 Hz, 1H), 6.52 (dd, J = 7.8, 1.6 Hz, 1H), 4.90 (s, 1H), 
4.54 (m, 4H), 3.83 (s, 3H), 3.39 (dd, J = 12.7, 3.9 Hz, 1H), 3.26 (dd, J = 12.7, 6.3 Hz, 1H). 
13C NMR (75.45 MHz, (CD3)2CO) δ: 148.0, 141.8, 139.2, 126.4, 123.6, 121.9, 120.8, 
119.7, 117.2, 110.8, 110.4, 110.3, 69.6, 55.8, 48.1. HRMS (ESI): calcd. for C22H23N2O2 [M 
+ H]+ 347.1754; found 347.1760. Anal. Calcd for C22H22N2O2: C, 76.28; H, 6.40; N, 8.09. 
Found: C, 76.05; H, 6.37; N, 7.99. 
1-((2-Benzyloxyphenyl)amino)-3-(9H-carbazol-9-yl)propan-2-ol (1b). Starting from 
carbazole-epoxide 10a and 2-benzyloxyaniline (11b), compound 1b was isolated as a white 
solid in 68% yield; mp 129 ºC. 1H NMR (300 MHz, (CD3)2CO) δ: 8.12 (ddd, J = 7.8, 1.2, 
0.7 Hz, 2H), 7.60 (dt, J = 8.3, 0.8 Hz, 2H), 7.52 (ddt, J = 7.3, 1.4, 0.7 Hz, 2H), 7.38 (m, 
5H), 7.19 (ddd, J = 7.8, 7.1, 1.0 Hz, 2H), 6.93 (dd, J = 8.2, 1.4 Hz, 1H), 6.77 (m, 1H), 6.58 
(m, 2H), 5.15 (s, 2H), 5.06 (br s, 1H), 4.54 (m, 4H), 3.42 (dd, J = 12.7, 4.1 Hz, 1H), 3.29 
(dd, J = 12.7, 6.2 Hz, 1H). 13C NMR (75.45 MHz, (CD3)2CO) δ: 147.1, 141.9, 139.7, 138.6, 
129.3, 128.6, 128.3, 126.4, 123.6, 122.4, 120.8, 119.7, 117.2, 112.4, 111.1, 110.3, 70.9, 
69.6, 48.14, 48.11. HRMS (ESI): calcd. for C28H27N2O2 [M + H]+ 423.2067; found 
423.2060.  
1-(9H-Carbazol-9-yl)-3-((2-phenethoxyphenyl)amino)propan-2-ol (1c). Following the 
general procedure, compound 1c was prepared from carbazole-epoxide 10a and 2-
phenetoxyaniline (11c), and isolated as an oil in 60% yield. 1H NMR (300 MHz, 
(CD3)2CO) δ: 8.13 (dt, J = 7.9, 0.9 Hz, 2H), 7.60 (dd, J = 8.3, 1.0 Hz, 2H), 7.40 (m, 4H), 
7.21 (m, 5H), 6.84 (dd, J = 7.9, 1.4 Hz, 1H), 6.74 (td, J = 7.7, 1.4 Hz, 1H), 6.55 (ddd, J = 
16.6, 7.7, 1.6 Hz, 2H), 4.90 (br s, 1H), 4.51 (m, 4H), 4.22 (t, J = 6.6 Hz, 2H), 3.35 (dd, J = 
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12.6, 4.2 Hz, 1H), 3.24 (dd, J = 12.6, 6.1 Hz, 1H), 3.11 (t, J = 6.6 Hz, 2H). 13C NMR (75.45 
MHz, (CD3)2CO) δ: 147.1, 141.8, 139.6, 139.4, 129.9, 129.1, 127.0, 126.4, 123.6, 122.1, 
120.8, 119.7, 117.2, 111.7, 110.9, 110.3, 69.7, 69.6, 48.0, 36.5. HRMS (ESI): calcd. for 
C29H29N2O2 [M + H]+ 437.2224; found 437.2224. 
1-(3,6-Dibromo-9H-carbazol-9-yl)-3-((2-methoxyphenyl)amino)propan-2-ol (1d). 
According to the general procedure, compound 1d was prepared from carbazole-epoxide 
10b and 2-methoxyaniline (11a), and isolated as a light brown solid in 80% yield; mp 140 
ºC. 1H NMR (300 MHz, (CD3)2CO) δ: 8.37 (dd, J = 1.9, 0.6 Hz, 2H), 7.61 (dd, J = 8.7, 0.6 
Hz, 2H), 7.55 (dd, J = 8.8, 1.9 Hz, 2H), 6.83 (dd, J = 7.8, 1.4 Hz, 1H), 6.76 (td, J = 7.6, 1.4 
Hz, 1H), 6.59 (m, 2H), 4.89 (br s, 1H), 4.67-4.36 (m, 4H), 3.84 (s, 3H), 3.42 (dd, J = 12.7, 
4.5 Hz, 1H), 3.26 (dd, J = 12.7, 6.4 Hz, 1H). 13C NMR (75.45 MHz, (CD3)2CO) δ: 148.0, 
140.9, 139.2, 129.6, 124.3, 123.9, 122.0, 117.3, 112.6, 112.5, 110.8, 110.5, 69.6, 55.8, 48.4, 
48.1. HRMS (ESI): calcd. for C22H21Br2N2O2 [M + H]+ 502.9964; found 502.9972. Anal. 
Calcd for C22H20Br2N2O2: C, 52.41; H, 4.00; N, 5.56. Found: C, 52.50; H, 4.13; N, 5.38. 
1-((2-(Benzyloxy)phenyl)amino)-3-(3,6-dibromo-9H-carbazol-9-yl)propan-2-ol (1e). 
According to the general procedure, compound 1e was prepared from carbazole-epoxide 
10b and 2-benzyloxyaniline (11b) as a white solid (74% yield); mp 155-156 ºC. 1H NMR 
(300 MHz, (CD3)2CO) δ: 8.36 (d, J = 1.9 Hz, 2H), 7.54 (m, 6H), 7.36 (m, 3H), 6.94 (dd, J 
= 7.9, 1.4 Hz, 1H), 6.79 (td, J = 7.7, 1.4 Hz, 1H), 6.61 (m, 2H), 5.15 (s, 2H), 5.02 (br s, 
1H), 4.65-4.37 (m, 4H), 3.45 (dd, J = 12.8, 4.5 Hz, 1H), 3.28 (dd, J = 12.8, 6.2 Hz, 1H). 13C 
NMR (75.45 MHz, (CD3)2CO) δ: 147.1, 141.0, 139.6, 138.5, 129.6, 129.3, 128.6, 128.3, 
124.3, 123.9, 122.4, 117.3, 112.6, 112.5, 112.4, 111.1, 70.9, 69.6, 48.3, 48.0. HRMS (ESI): 
calcd. for C28H25Br2N2O2 [M + H]+ 579.0277; found 579.0270. Anal. Calcd for 
C28H24Br2N2O2: C, 57.95; H, 4.17; N, 4.83. Found: C, 57.70; H, 4.14; N, 4.75. 
1-(3,6-Dibromo-9H-carbazol-9-yl)-3-((2-phenethoxyphenyl)amino)propan-2-ol (1f). 
According to the general procedure, compound 1f was prepared from carbazole-epoxide 
10b and 2-phenetoxyaniline (11c) as a greyish-white solid (65% yield); mp 160 ºC. 1H 
NMR (300 MHz, (CD3)2CO) δ: 8.37 (dd, J = 1.7, 0.8 Hz, 2H), 7.55 (m, 4H), 7.36 (m, 2H), 
7.25 (m, 2H), 7.15 (m, 1H), 6.85 (dd, J = 8.2, 1.4 Hz, 1H), 6.75 (m, 1H), 6.58 (m, 2H), 4.85 
(br s, 1H), 4.62-4.32 (m, 4H), 4.24 (t, J = 6.6 Hz, 2H), 3.36 (dd, J = 12.6, 4.5 Hz, 1H), 3.23 
(dd, J = 12.7, 6.1 Hz, 1H), 3.11 (t, J = 6.6 Hz, 2H). 13C NMR (75.45 MHz, (CD3)2CO) δ: 
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147.1, 141.0, 139.8, 139.4, 129.9, 129.7, 129.2, 127.1, 124.4, 123.9, 122.1, 117.3, 112.6, 
112.5, 111.8, 111.0, 69.8, 69.6, 48.4, 48.0, 36.5. HRMS (ESI): calcd. for C29H27Br2N2O2 
[M + H]+ 593.0434; found 593.0433. Anal. Calcd for C29H26Br2N2O2: C, 58.60; H, 4.41; N, 
4.71. Found: C, 58.40; H, 4.53; N, 4.62. 
1-((3-(Benzyloxy)benzyl)amino)-3-(3,6-dibromo-9H-carbazol-9-yl)propan-2-ol (3e). 
According to the general procedure, compound 3e was prepared from carbazole-epoxide 
10b and 3-benzyloxybenzylamine (12a), and isolated as a white foam in 75% yield after 
column chromatography (CH2Cl2-MeOH, 19:1 to 9:1). 1H NMR (500 MHz, CD2Cl2) δ:  
8.13 (d, J = 1.9 Hz, 2H), 7.54 (dd, J = 8.7, 2.0 Hz, 2H), 7.46-7.29 (m, 7H), 7.22 (t, J = 7.8 
Hz, 1H), 6.87 (m, 3H), 5.04 (s, 2H), 4.30 (dd, J = 15.2, 4.6 Hz, 1H), 4.25 (dd, J = 15.1, 6.5 
Hz, 1H), 4.06 (m, 1H), 3.71 (d, J = 13.4 Hz, 1H), 3.66 (d, J = 13.3 Hz, 1H), 2.78 (dd, J = 
12.1, 3.8 Hz, 1H), 2.55 (dd, J = 12.1, 8.4 Hz, 1H), 2.32 (br s, 2H). 13C NMR (125.77 MHz, 
CD2Cl2) δ: 159.5, 141.9, 140.6, 137.7, 130.1, 129.6, 129.1, 128.5, 128.1, 124.0, 123.6, 
121.2, 115.2, 113.9, 112.7, 111.8, 70.4, 69.5, 53.95, 52.7, 47.9. HRMS (ESI): calcd. for 
C29H27Br2N2O2 [M + H]+ 593.0434; found 593.0440. Anal. Calcd for C29H26Br2N2O2: C, 
58.60; H, 4.41; N, 4.71. Found: C, 58.78; H, 4.42; N, 4.51. 
1-(3,6-dibromo-9H-carbazol-9-yl)-3-((3-phenethoxybenzyl)amino)propan-2-ol (3f). 
According to the general procedure, starting from carbazole-epoxide 10b and 3-
phenethoxybenzylamine (12b), compound 3f was isolated in 70% yield as a white solid 
after column chromatography (CH2Cl2-MeOH, 19:1 to 9:1); mp 140–141 ºC. 1H NMR (500 
MHz, CD2Cl2) δ: 8.14 (d, J = 1.9 Hz, 2H), 7.54 (dd, J = 8.7, 2.0 Hz, 2H), 7.38 (d, J = 8.7 
Hz, 2H), 7.30 (m, 4H), 7.22 (m, 2H), 6.80 (m, 3H), 4.32 (dd, J = 15.2, 4.6 Hz, 1H), 4.27 
(dd, J = 15.2, 6.5 Hz, 1H), 4.16 (t, J = 6.9 Hz, 2H), 4.06 (ddt, J = 8.3, 6.5, 4.3 Hz, 1H), 3.71 
(d, J = 13.3 Hz, 1H), 3.66 (d, J = 13.3 Hz, 1H), 3.08 (t, J = 6.9 Hz, 2H), 2.79 (dd, J = 12.1, 
3.8 Hz, 1H), 2.55 (dd, J = 12.1, 8.4 Hz, 1H). 13C NMR (125.77 MHz, CD2Cl2) δ: 159.6, 
142.3, 140.6, 139.1, 130.0, 129.6, 129.5, 129.0, 127.0, 124.0, 123.5, 120.9, 114.8, 113.5, 
112.6, 111.9, 69.6, 69.2, 54.1, 52.7, 47.9, 36.2. HRMS (ESI): calcd. for C30H29Br2N2O2 [M 
+ H]+ 607.0590; found 607.0594. Anal. Calcd for C30H28Br2N2O2: C, 59.23; H, 4.64; N, 
4.60. Found: C, 58.92; H, 4.49; N, 4.46. 
1-((2-(Benzyloxy)phenyl)amino)-3-(5-bromo-1H-indol-1-yl)propan-2-ol (4a). 
According to the general procedure, but starting from indole-epoxide3 14a and 2-
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benzyloxyaniline (11b), compound 4a was isolated in 74% yield as a beige foam. 1H NMR 
(500 MHz, CD2Cl2) δ: 7.74 (d, J = 1.7 Hz, 1H), 7.46-7.32 (m, 5H), 7.25 (m, 2H), 7.19 (d, J 
= 3.2 Hz, 1H), 6.87 (m, 2H), 6.68 (td, J = 7.7, 1.5 Hz, 1H), 6.60 (d, J = 7.8, 1.5 Hz, 1H), 
6.46 (dd, J = 3.2, 0.7 Hz, 1H), 5.08 (s, 2H), 4.22 (m, 3H), 3.26 (dd, J = 13.2, 4.0 Hz, 1H), 
3.10 (dd, J = 13.2, 7.2 Hz, 1H). 13C NMR (125.77 MHz, CD2Cl2) δ: 146.9, 138.7, 137.7, 
135.7, 130.8, 130.6, 129.1, 128.6, 128.2, 124.8, 123.8, 122.2, 117.8, 113.1, 112.0, 111.7, 
111.1, 101.6, 71.1, 70.2, 50.7, 47.9. HRMS (ESI): calcd. for C24H24BrN2O2 [M + H]+ 
451.1016; found 451.1011. 
1-((2-(Benzyloxy)phenyl)amino)-3-(3,5-dibromo-1H-indol-1-yl)propan-2-ol (4b). 
According to the general procedure, but starting from indole-epoxide3 14b and 2-
benzyloxyaniline (11b), compound 4b was isolated in 62% yield as a white foam. 1H NMR 
(500 MHz, CD2Cl2) δ: 7.69 (d, J = 1.8 Hz, 1H), 7.40 (m, 5H), 7.29 (dd, J = 8.8, 1.9 Hz, 
1H), 7.25 (m, 2H), 6.87 (m, 2H), 6.69 (td, J = 7.7, 1.5 Hz, 1H), 6.60 (dd, J = 7.8, 1.5 Hz, 
1H), 5.08 (s, 2H), 4.56 (br s, 1H), 4.26 (dd, J = 13.8, 2.8 Hz, 1H), 4.15 (m, 2H), 3.25 (dd, J 
= 13.3, 4.1 Hz, 1H), 3.10 (dd, J = 13.3, 7.2 Hz, 1H), 2.34 (d, J = 3.6 Hz, 1H). 13C NMR 
(125.77 MHz, CD2Cl2) δ: 146.9, 138.6, 137.7, 135.4, 129.6, 129.4, 129.1, 128.6, 128.2, 
126.1, 122.3, 122.2, 118.0, 114.1, 112.2, 112.0, 111.2, 89.6, 71.1, 70.1, 50.8, 47.9. HRMS 
(ESI): calcd. for C24H23Br2N2O2 [M + H]+ 529.0121; found 529.0123. 
1-((2-(Benzyloxy)phenyl)amino)-3-(5-bromo-3-methyl-1H-indol-1-yl)propan-2-ol 
(4c). According to the general procedure, but starting from indole-epoxide3 14c and 2-
benzyloxyaniline (11b), compound 4c was isolated in 65% yield as a white foam. 1H NMR 
(300 MHz, CD2Cl2) δ: 7.70 (dd, J = 1.8, 0.7 Hz, 1H), 7.49-7.30 (m, 5H), 7.22 (m, 2H), 6.89 
(m, 3H), 6.75-6.54 (m, 2H), 5.08 (s, 2H), 4.58 (br s, 1H), 4.15 (m, 3H), 3.24 (dd, J = 13.2, 
3.9 Hz, 1H), 3.08 (dd, J = 13.2, 7.0 Hz, 1H), 2.28 (d, J = 1.0 Hz, 4H). 13C NMR (125.77 
MHz, CD2Cl2) δ: 146.9, 138.7, 137.7, 136.0, 131.1, 129.1, 128.6, 128.2, 128.1, 124.7, 
122.2, 122.1, 117.8, 112.4, 112.0, 111.5, 111.1, 110.9, 71.0, 70.2, 50.4, 47.9, 9.7. HRMS 
(ESI): calcd. for C25H26BrN2O2 [M + H]+ 465.1172; found 465.1167. 
1-((3-(Benzyloxy)phenyl)amino)-3-(5-bromo-1H-indol-1-yl)propan-2-ol (5a). 
According to the general procedure, but starting from indole-epoxide 14a and 3-
benzyloxyaniline (15), compound 5a was isolated as a beige foam in 72% yield. 1H NMR 
(300 MHz, CD2Cl2) δ: 7.74 (t, J = 1.2 Hz, 1H), 7.44-7.27 (m, 7H), 7.20 (d, J = 3.2 Hz, 1H), 
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7.06 (m, 1H), 6.48 (d, J = 3.2 Hz, 1H), 6.37 (m, 1H), 6.24 (m, 2H), 5.00 (s, 2H), 4.31-3.90 
(m, 4H), 3.26 (dd, J = 13.1, 3.1 Hz, 1H), 3.07 (m, 1H), 2.23 (br s, 1H). 13C NMR (125.77 
MHz, CD2Cl2) δ: 160.6, 150.0, 137.9, 135.7, 130.9, 130.6, 130.5, 129.0, 128.4, 128.1, 
124.9, 123.8, 113.2, 111.7, 107.1, 104.6, 101.7, 100.6, 70.3, 70.1, 50.8, 48.0. HRMS (ESI): 
calcd. for C24H24BrN2O2 [M + H]+ 451.1016; found 451.1021. 
1-((3-(Benzyloxy)phenyl)amino)-3-(3,5-dibromo-1H-indol-1-yl)propan-2-ol (5b). 
According to the general procedure, but starting from indole-epoxide 14b and 3-
benzyloxyaniline (15), compound 5b was isolated as beige foam in 64% yield. 1H NMR 
(300 MHz, CD2Cl2) δ: 7.69 (d, J = 1.8 Hz, 1H), 7.44-7.25 (m, 8H), 7.07 (m, 1H), 6.37 (m, 
1H), 6.25 (m, 2H), 5.00 (s, 2H), 4.32-3.95 (m, 4H), 3.27 (dd, J = 13.1, 3.4 Hz, 1H), 3.09 
(m, 1H), 2.24 (d, J = 3.3 Hz, 1H). 13C NMR (125.77 MHz, CD2Cl2) δ: 160.6, 149.9, 137.9, 
135.4, 130.6, 129.5, 129.0, 128.4, 128.1, 126.2, 122.3, 114.1, 112.2, 107.2, 104.7, 100.7, 
89.7, 70.3, 70.0, 50.9, 47.9. HRMS (ESI): calcd. for C24H23Br2N2O2 [M + H]+ 529.0121; 
found 529.0126. 
1-((3-(benzyloxy)phenyl)amino)-3-(5-bromo-3-methyl-1H-indol-1-yl)propan-2-ol 
(5c). According to the general procedure, but starting from indole-epoxide 14c and 3-
benzyloxyaniline (15), compound 5c was isolated as a beige foam in 67% yield. 1H NMR 
(300 MHz, CD2Cl2 + D2O) δ: 7.68 (dd, J = 1.7, 0.8 Hz, 1H), 7.45-7.19 (m, 7H), 7.06 (m, 
1H), 6.97 (q, J = 1.1 Hz, 1H), 6.35 (m, 1H), 6.24 (m, 2H), 4.99 (s, 2H), 4.17 (m, 3H), 3.25 
(dd, J = 13.2, 3.4 Hz, 1H), 3.05 (m, 1H), 2.27 (d, J = 1.1 Hz, 3H). 13C NMR (125.77 MHz, 
CD2Cl2) δ: 160.6, 150.0, 137.9, 136.0, 131.1, 130.6, 129.0, 128.4, 128.1, 128.0, 124.8, 
122.1, 112.5, 111.5, 111.1, 107.1, 104.6, 100.6, 70.3, 70.2, 50.4, 48.0, 9.7. HRMS (ESI): 
calcd. for C25H26BrN2O2 [M + H]+ 465.1172; found 465.1178. 
1-((3-(Benzyloxy)benzyl)amino)-3-(5-bromo-1H-indol-1-yl)propan-2-ol (7a). 
According to the general procedure but starting from indole-epoxide 14a and 3-
benzyloxybenzylamine (12a), compound 7a was isolated in 61% yield as a white foam after 
column chromatography (CH2Cl2-MeOH, 19:1 to 9:1). 1H NMR (500 MHz, CD2Cl2) δ: 
7.72 (dd, J = 1.6, 0.9 Hz, 1H), 7.47-7.21 (m, 8H), 7.18 (d, J = 3.1 Hz, 1H), 6.88 (m, 3H), 
6.44 (d, J = 3.1 Hz, 1H), 5.06 (s, 2H), 4.16 (dd, J = 14.6, 4.2 Hz, 1H), 4.07 (dd, J = 14.6, 
6.8 Hz, 1H), 3.94 (ddt, J = 8.1, 6.8, 3.9 Hz, 1H), 3.72 (d, J = 13.4 Hz, 1H), 3.67 (d, J = 13.4 
Hz, 1H), 2.71 (dd, J = 12.1, 3.7 Hz, 1H), 2.46 (dd, J = 12.1, 8.5 Hz, 1H), 2.37 (br s, 2H). 
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13C NMR (125.77 MHz, CD2Cl2) δ: 159.5, 142.0, 137.7, 135.8, 130.8, 130.7, 130.0, 129.1, 
128.5, 128.1, 124.6, 123.6, 121.2, 115.2, 113.9, 113.0, 111.9, 101.3, 70.4, 69.6, 53.9, 52.4, 
50.9. HRMS (ESI): calcd. for C25H26BrN2O2 [M + H]+ 465.1172; found 465.1179. 
1-((3-(Benzyloxy)benzyl)amino)-3-(3,5-dibromo-1H-indol-1-yl)propan-2-ol (7b). 
According to the general procedure, but starting from indole-epoxide 14b and 3-
benzyloxybenzylamine (12a), compound 7b was isolated in 50% yield as a white foam 
after column chromatography (CH2Cl2-MeOH, 19:1 to 9:1). 1H NMR (500 MHz, CDCl3) δ: 
7.71 (d, J = 1.9 Hz, 1H), 7.46-7.17 (m, 9H), 6.91 (m, 2H), 6.84 (dt, J = 7.6, 1.2 Hz, 1H), 
5.07 (s, 2H), 4.12 (dd, J = 14.6, 4.1 Hz, 1H), 4.03 (dd, J = 14.7, 6.5 Hz, 1H), 3.92 (ddt, J = 
8.0, 6.6, 3.9 Hz, 1H), 3.72 (d, J = 13.3 Hz, 1H), 3.66 (d, J = 13.3 Hz, 1H), 2.70 (dd, J = 
12.2, 3.7 Hz, 1H), 2.45 (dd, J = 12.2, 8.7 Hz, 3H). 13C NMR (125.77 MHz, CD2Cl2) δ: 
159.0, 140.8, 136.8, 134.7, 129.6, 128.84, 128.77, 128.6, 128.0, 127.5, 125.6, 121.9, 120.6, 
114.7, 113.6, 113.5, 111.4, 89.2, 69.9, 68.8, 53.4, 51.4, 50.3. HRMS (ESI): calcd. for 
C25H25Br2N2O2 [M + H]+ 543.0277; found 543.0275.  
1-((3-(Benzyloxy)benzyl)amino)-3-(5-bromo-3-methyl-1H-indol-1-yl)propan-2-ol 
(7c). According to the general procedure, but starting from indole-epoxide 14c and 3-
benzyloxybenzylamine (12a), compound 7c was isolated as a white foam in 57% yield after 
column chromatography (CH2Cl2-MeOH, 19:1 to 9:1). 1H NMR (500 MHz, CD2Cl2) δ: 
7.70 (d, J = 1.9 Hz, 1H), 7.49-7.31 (m, 5H), 7.26 (m, 2H), 7.21 (d, J = 8.7 Hz, 1H), 6.92 
(m, 3H), 6.85 (d, J = 7.6 Hz, 1H), 5.07 (s, 2H), 4.04 (dd, J = 14.3, 4.1 Hz, 1H), 3.94 (m, 
2H), 3.67 (d, J = 13.4 Hz, 1H), 3.62 (d, J = 13.4 Hz, 1H), 2.94 (br s, 2H), 2.63 (dd, J = 
12.1, 3.4 Hz, 1H), 2.44 (dd, J = 12.1, 8.3 Hz, 1H), 2.28 (d, J = 1.1 Hz, 3H). 13C NMR 
(125.77 MHz, CD2Cl2) δ: 159.5, 141.8, 137.7, 136.0, 131.0, 130.0, 129.0, 128.5, 128.3, 
128.1, 124.5, 122.0, 121.2, 115.3, 113.9, 112.3, 111.7, 110.5, 70.4, 69.6, 53.8, 52.3, 50.6, 
9.7. HRMS (ESI): calcd. for C26H28BrN2O2 [M + H]+ 479.1329; found 479.1334. 
 
In Vitro BACE-1 enzyme assay. 
The activity of the compounds as BACE-1 inhibitors was assayed employing LanthaScreen 
TR-FRET BACE-1 Assay Kit (Invitrogen S.A., Barcelona, Spain) accordingly to the 
manufacturer’s protocol. Briefly, 200 nM fluorescein-EVNLDAEFK-biotin BACE-1 
substrate and 7 mU BACE-1 enzyme (human recombinant BACE-1 ectodomain, 
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aminoacids 1-460, proBACE-1 form) were incubated in the absence or presence of 
different concentrations of the tested compounds diluted in assay buffer, for 60 min at room 
temperature. The reaction was stopped by adding terbium-labeled anti-biotin antibody and 
homogenous time-resolved fluorescence resonance energy transfer (TR-FRET) was 
measured in an EnVision Multilabel Reader (PerkinElmer, Madrid, Spain) and expressed as 
TR-FRET ratio (520 nm/495 nm fluorescence emission ratio, Er). Stock solutions of the 
compounds were prepared in DMSO at a concentration of 10 mM, and maximum DMSO 
content in the assay was kept under 10% in all cases. The percent inhibition was obtained 
by the following equation: % Inhibition = [(ErI – Er100)/(Er0 – Er100)] ×  100, where ErI is 
the emission ratio from wells containing the test inhibitor, Er100 is the emission ratio from 
wells in the absence of any inhibitor (100% BACE-1 enzyme activity), and Er0 is the 
emission ratio from wells with 0% BACE-1 enzyme activity (measured in the absence of 
BACE-1 enzyme).  Concentration-response curves (six concentrations, ranging from 1 × 
10-8 to 1 × 10-4 M, in duplicate) were performed for the most active compounds (% 
inhibition > 50% at 10µM). The potency of the compounds as BACE-1 inhibitors, 
expressed as IC50 (concentration of the test compound required to inhibit the BACE-1 
activity by 50%) was calculated from the non-linear curve fitting of percentage inhibition 
vs inhibitor concentration [I] to the equation: % Inhibition = 100/{1 + (IC50/[I])}, using 
Prism version 4 software (GraphPad, La Jolla, CA). Statistics were calculated from two 
independent experiments. The BACE-1 inhibitor OM99-2 (Bachem AG, Bubendorf, 
Switzerland) (3 µM) was included as reference inhibitor in all the experiments. The IC50 
value for OM99-2 as BACE-1 inhibitor in this assay was 27.17 ± 1.64 (n = 3), and % 
inhibition of OM99-2 at 3 µM concentration was 97.51 ± 1.49 (n = 12). 
 
AChE and BuChE inhibition assays. 
The Ellman’s in vitro inhibition assays of AChE from Electric eel (EeAChE; 463 U/mg) 
and BuChE from equine serum (hsBuChE; 13 U/mg)6 were run in phosphate buffer 0.1 M, 
pH 8.0. Acetyl- and butyrylthiocholine iodides were used, respectively, as substrates, and 
5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) was used as the chromophoric reagent. 
Inhibition assays were carried out on an Agilent 8453E UV-visible spectrophotometer 
equipped with a cell changer. Solutions of tested compounds were prepared starting from 
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10 mM stock solutions in DMSO, which were diluted with aqueous assay medium to a final 
content of organic solvent always lower than 1%. All compounds were preliminarily tested 
at 10 µM concentration and, for the most active ones (% inhibition > 50%), IC50s were 
determined. AChE inhibitory activity was tested in a reaction mixture containing 100 µL of 
a solution of AChE (0.9 U/mL in 0.1 M phosphate buffer, pH 8.0), 100 µL of a 3.3 mM 
solution of DTNB in 0.1 M phosphate buffer (pH 7.0) containing 6 mM NaHCO3, 100 µL 
of a solution of the inhibitor (six to seven concentrations ranging from 1 × 10-4 to 1 × 10-8 
M), and 600 µL of work buffer. After incubation for 20 min at 25 °C, acetylthiocholine 
iodide (100 µL of 5 mM aqueous solution) was added as the substrate, and AChE-catalyzed 
hydrolysis was followed by measuring the increase of absorbance at 412 nm for 5.0 min at 
25 °C. The concentration of compound which determined 50% inhibition of the AChE 
activity (IC50) was calculated by nonlinear regression of the response/log(concentration) 
curve, using Prism version 5 software (GraphPad, La Jolla, CA). BuChE inhibitory activity 
was assessed similarly using butyrylthiocholine iodide as the substrate. 
 
Abeta aggregation and fibrillogenesis: ThT fluorescence assays. 
A known spectrofluorimetric method,7 based on fluorescence emission of ThT, was 
followed. To obtain batches of Aβ1–40 free from preaggregates, commercial samples (purity 
>95%; EzBiolab, Carmel, USA) were dissolved in HFIP, lyophilized and stored at -20 °C. 
The solution of ThT (25 µM) used for fluorimetric measures was prepared in phosphate 
buffer 0.025 M, pH 6.0, filtered through 0.45 µm nylon filters and stored at 4 °C. Test 
samples were prepared in phosphate buffered saline (PBS; 0.01 M, NaCl 0.1 M, pH 7.4), 
with 30 µM Aβ peptide concentration, and contained 2% HFIP and 10% DMSO as the 
cosolvents. Blank samples were prepared for each concentration, devoid of peptide, and 
their fluorescence value subtracted from the corresponding fluorescence values of 
coincubation samples. As the control, a sample of peptide was incubated in the same 
PBS/2% HFIP/10% DMSO buffer, without inhibitor. Incubations were run in triplicate at 
25 °C for 2 h. Fluorimetric measures were performed in a 700 µL cuvette with a Perkin–
Elmer LS55 spectrofluorimeter, using FLWinlab program. 470 µL of ThT solution were 
mixed with 30 µL of sample, and the resulting fluorescence measured with parameters set 
as follows: excitation at 440 nm (slit 5 nm); emission at 485 nm (slit 10 nm); integration 
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time 2 s. Biological activity was determined as percent of inhibitory activity Vi for each 
concentration, according to the formula: 
Vi = 100 – [(Fi – Fb)/F0] × 100 
where Fi is the fluorescence value of the sample, Fb its blank value, and F0 the fluorescence 
value of Aβ control (already subtracted of its blank). For the most active inhibitor 7c, IC50 
value was determined by testing in duplicate six concentrations, ranging from 200 to 0.1 
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